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Abstract
This thesis reports an experimental investigation of the structural, dynamical and glass
formation properties of model polymer-nanoparticle mixtures, focusing in particular on
polystyrene (PS)-fullerene (C60) nanocomposites, both in the bulk and in thin ﬁlms.
We show that the addition of C60 alters the glass formation and dynamics of PS
in a non-trivial manner. Combining present diﬀerential scanning calorimetry (DSC),
dielectric spectroscopy (DS) and previous inelastic neutron scattering (INS) experiments,
we ﬁnd that C60 slows down the chain segmental (α) relaxation of PS, causing an increase
of the glass transition temperature (Tg), dynamic fragility (m), and α relaxation time
(τα), while also increasing the amplitude of atomic vibrations in deep glassy state, as
seen by an increase in mean-square displacement of hydrogen motion. These ﬁndings
are interpreted as disruption to molecular packing and an increase of free volume in the
glass state. General trends in dynamics and glass formation induced by diﬀerent classes
of nanoparticles are compiled and critically interpreted. Speciﬁcally, changes to Tg and
fragility appear to result from the interplay between the bulk molecular packing state
of the nanocomposite glass and both the polymer-nanoparticle interaction strength and
interfacial area. Nanoparticle size and dispersion are therefore of paramount importance
and a systematic C60 aggregation study using small angle neutron scattering (SANS)
and wide angle X-ray scattering (WAXS) was thus carried out. Conditions and limits
for miscibility of PS-C60 nanocomposites, at relevant processing steps, were investigated
and relevant miscibility and dispersibility thresholds established.
The C60 fullerenes are found to associate into fractal-like objects in bulk nanocomposite
mixtures, upon annealing above the miscibility concentration and temperature, following
asymptotic kinetics. In thin ﬁlms, however, C60 association is bound by 2D ﬁlm con-
ﬁnement and the resulting nanocomposite thin ﬁlm structure changes qualitatively. At
low nanoparticle loading, we observe sparse C60 nucleation, accompanied by crystallisa-
tion, which is well described by Avrami relation. At increasing C60 concentration, up
to the dispersibility limit, a novel nanoparticle self-association mechanism is observed,
coined spinodal clustering. This process yields remarkably regular spinodal-like mor-
phologies of C60 clusters with tuneable characteristic spatial frequency and amplitude,
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which coarsen with time following well-deﬁned scaling laws, analogous to those of 2D
phase separation of binary mixtures. Mapping of this self-assembly process in thin ﬁlms
utilised a combination of optical microscopy (OM), atomic force microscopy (AFM) and
neutron reﬂectivity (NR) techniques.
Unexpectedly, photo-illumination is found to aﬀect thin ﬁlm stability and morphology
network. Combined, these allow further tuneability of nanocomposite thin ﬁlm mor-
phology and yield ultrathin ﬁlms with unprecedented mechanical integrity and stability
at elevated temperatures. Coupling the fundamental processes presented in this the-
sis, namely the photo-chemical transformation of C60, the spinodal clustering and thin
ﬁlm dewetting of nanocomposite thin ﬁlms, we introduce a novel self assembly photo-
patterning approach which is both cheap and procedurally simple. Various technological
applications are envisaged in the ﬁelds of organic photovoltaics (bulk heterojunctions
morphology), rapid pattern assembly (fabrication of polymer-based plastic electronics)
and functional hierarchical coatings (ultrathin stable ﬁlms). A prototype circuit device
has been fabricated as a proof of principle and is shown on the cover image.
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1. General introduction
1.1. Polymer nanocomposites (PNCs)
Polymer nanocomposites (PNCs) have garnered great academic and industrial interest,
not only because of their vast property enhancements and growing engineering applica-
tions but also them as model systems to study fundamental aspects of polymers.1 The
term nanocomposites1 was coined by Komarneni and Roy in 1982, referring to multi-
component systems with at least one phase in the nm range. Typical PNCs are mixtures
of polymers and ﬁllers of nanoscale phase dimensions, unlike classical composite ma-
terials which are heterogeneous multicomponent systems comprising macroscopic phase
domains.
Although the nanocomposite term is relatively new, the practice of mixing polymers
and nanoparticles has been implemented since the beginning of the last century. For
example, Bakelite, a commercial clay reinforced thermosetting resin was an ubiquitous
household material used in radio and telephone casings back in its 1900's heyday. How-
ever, the progress in PNCs became somewhat stagnant until the early 1990's when re-
searchers from the Toyota research and development team developed a PNC material
consisting of nylon and clay which has signiﬁcantly improved yield and tensile strength.2
Since then, there has been a resurgence of interest in nanocomposites by the broad sci-
entiﬁc community, coinciding with a period when nanoparticle systems and nanoscale
probing instruments are increasingly available.
Due to the comparable sizes of the nanoparticle radius (RNP ), polymer radius of gy-
ration (Rg) and interparticle distance (HI), PNCs often exhibit properties that deviate
substantially compared to neat polymers. However, the inherent problem of nanoparti-
cle aggregation due to attractive van der Waals dispersion forces between nanoparticles
often cancels the potentially large nanoparticle surface area-to-volume ratio and unique
behaviour associated to their nanoscopic lengthscales. Recent research has shown that
1S. Komarneni. Nanocomposites. Journal of Materials Chemistry, 2:1219-1230, 1992.
2Y. Kojima, A. Usuki, M. Kawasumi, A. Okada, T. Kurauchi, and O. Kamigaito. Synthesis of nylon
6-clay hybrid by montmorillonite intercalated with ecaprolacctam. Journal of Polymer Science: Part
A: Polymer Chemistry, 31:983-986, 1993.
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both enthalpic and entropic interactions can be tuned to direct the placement and dis-
tribution of nanoparticles and tailor the structure morphologies via self assembly and
thereby control the macroscopic nanocomposite properties. The enthalpic interactions
between polymer-nanoparticle and nanoparticle-nanoparticle can be tailored via surface
modiﬁcations of nanoparticles which improves their compatibility with the polymer ma-
trix. The entropy interactions on the other hand are depending on the nanoparticle shape
and the relative size between RNP , Rg and HI .
Nanotechnology also often involves the usage of ultrathin polymeric ﬁlms with thick-
nesses h < 100 nm. At such lengthscales where intermolecular and interfacial forces are
more inﬂuential and diﬀerent governing physics is involved, the 2-dimensional nanocon-
ﬁned materials often exhibit many fundamentally interesting and unexpected new ge-
ometry related eﬀects. As far as controlling the nanoparticle spatial distribution under
conﬁnement is concerned, by understanding its underlying mechanisms, one can inﬂuence
the evolving ﬁlm morphologies to suit various thin ﬁlm engineering applications.
1.2. Motivation and scope of this work
The unique properties exhibited by PNCs in bulk and thin ﬁlms are fascinating and far
from being completely understood. With the growing engineering applications of PNCs,
scientists seek to understand the origin of those property changes from a fundamental per-
spective, the miscibility, structure formation and dynamics of PNCs. This fundamental
knowledge would facilitate better control of their mechanical, transport and optoelec-
tronic properties and thus also the development of future nanocomposite materials with
tailored structure and functionalities.
One of the most pressing issues of the 21st century is to ﬁnd ways of meeting our
growing energy demand. Around 87 % of the 4.7 × 1020 Joules3 of worldwide energy
consumption in 2010 comes from non-renewable sources such as oil and coal which are
estimated to run out in 2045 and 2159, respectively. Therefore, new clean and renew-
able energy sources that are at least capable of reducing our reliance on depleting fossil
fuels must be explored. The sun is the most abundant energy source available to us,
with a constant ﬂux of 3.8 × 1024Joule/year spreading across Earth's 127,400,000 km2
cross section. However, due to the low energy density of sunlight, the challenge lies in
ﬁnding ways of harvesting this otherwise seemingly unlimited energy source. In partic-
ular, organic photovoltaics technology, often with PNCs as the photo-active materials
can provide cheap, easily processed, large area, ﬂexible and portable devices to generate
3http://en.wikipedia.org/wiki/World_energy_consumption
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electricity directly from the sun. However, at present, these are limited by lower power
conversion eﬃciency4 and stability compared to conventional inorganic solar panels.
The answer to improving the power conversion eﬃciency of organic photovoltaics and
to solving the astronomical energy demands in the world today could ironically, be found
by looking at lengthscales ≈ 1/1000 of a hair diameter. The advancements in nanotech-
nology allow the manipulation of nanoscale morphology and crystalline domains within
the PNC photo-active material and hence lead to enhanced organic photovoltaic perfor-
mance and stability. Our model system study, which focuses on the self assembled phase
morphologies in polymer-fullerenes (C60) model mixtures can contribute at least in part,
towards the design of next generation organic solar cells.
The controlled incorporation of nanoparticles in polymers may have applications in
numerous other ﬁelds. Polymer membranes have various important engineering appli-
cations for example in gas separation, seawater desalination, fuel enrichment and many
other molecular puriﬁcation processes. The separation properties of polymer based mem-
branes such as selectivity and permeability are highly dependent on the free volume and
molecular packing (glass formation properties) of the polymeric media. The advent of well
dispersed nanoparticles in polymers provides an exceptional opportunity to understand
and also tune the polymer glass formation, making PNC a potential viable candidate for
polymer membranes.
This project seeks to contribute to the immensely broad ﬁeld of PNCs, with most
of the work carried out with polystyrene (PS)- C60 fullerene model nanocomposite sys-
tem. We have investigated experimentally the structural, dynamical and glass formation
properties of polymer-fullerene nanocomposite mixtures in bulk14 and in thin ﬁlms.5,6
In particular, we report a novel nanoparticle self-association process, resulting in well de-
ﬁned structure formation in nanocomposite thin ﬁlms5,6 and a new patterning approach
using directed self assembly.7,8 The ﬁndings potentially have important applications in
advanced thin ﬁlm coatings (e.g. ultra-thin stable ﬁlms), photovoltaics (e.g. bicontinu-
ous bulk heterojunctions morphology), membranes (e.g. tuning of polymer free volume
and molecular packing2,4 and resulting permeability) and rapid pattern assembly (e.g.
fabrication of polymer-based plastic electronics), in addition to polymer composite pro-
cessing.
4The highest power conversion eﬃciency for organic photovoltaics so far is 8.3 % achieved by Konarka
Technologies, Inc. This is very close to the 10% eﬃciency which is the current threshold for commer-
cial viability.
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1.3. Outline
This thesis has 6 chapters which are organised as follows. In this chapter, we present
a general introduction to PNCs, followed by background and motivation of this work.
Chapter 2 and 3 are devoted to experiments on bulk PS-fullerene PNCs while results and
discussion in Chapter 4 and 5 concentrate on PNC thin ﬁlms.
Chapter 2 reports the chain dynamics and glass formation of bulk PS-C60 PNCs.
The chapter begins with an introduction to polymer dynamics spanning a variety of
time and lengthscales, followed by physical ageing and glass formation properties. The
role of nanoadditives in each of the bulk properties is elucidated in each section. Sample
preparation methodologies and experimental techniques by means of diﬀerential scanning
calorimetry (DSC) and dielectric spectroscopy (DS) are then explained. Next, quantita-
tive changes of chain dynamics and glass formation in amorphous PS in the presence of
C60 fullerenes are presented. Preliminary results on the physical ageing of the bulk PNCs
are also shown. The summary of results are then compared with various simulation and
experimental studies in literature to establish general trends in chain dynamics and glass
formation changes by diverse class of additives.
Since polymer properties are largely governed by the dispersion state of the nanoaddi-
tives, a systematic C60 fullerene aggregation study based on small angle neutron scatter-
ing (SANS) and wide angle X-ray scattering (WAXS) was conducted and the results are
presented in Chapter 3. The chapter begins with a review on ways in directing nanopar-
ticle spatial distribution based on enthalpic and entropic interactions and the relation to
various bulk PNC properties. Experimental details and scattering background are then
presented. Conditions and limits for miscibility and structural equilibrium of the PNCs
were determined, and relevant dispersibility and miscibility thresholds established. C60
fullerene association kinetics in bulk PNCs are then described. The changes in chain
dynamics and glass formation of bulk PNCs after being subjected to controlled thermal
annealing were studied and rationalised in terms of C60 dispersion, adding insights to
the structure-property relationships.
Chapter 4 extends the study of phase morphology and structure formation in PS-C60
nanocomposites from the bulk state to thin ﬁlms. After an introduction, experimental
details on PNC thin ﬁlm preparation and characterisation techniques (optical microscopy
(OM), atomic force microscopy (AFM) and neutron reﬂectivity (NR)) are introduced.
The discussion of the chapter is centred on a new nanoparticle association process which
results in well deﬁned structure formation upon thermal annealing above glass transition
temperature (Tg). Dominant lateral lengthscales and height amplitudes, along with the
14
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mechanism and coarsening kinetics of the structure are elucidated. The nanoparticle
concentration proﬁle and segregation behaviour obtained with a combination of neutron
reﬂectivity and AFM experiments are also presented. The inﬂuence of (UV-visible) light
irradiation on the subsequent annealed ﬁlm morphology is described and rationalised with
a well known photo-chemical process of the fullerenes. Finally, the thin ﬁlm dewetting
mechanisms are outlined and the implications of nanoparticle association process and
light irradiation to the thin ﬁlm stability are experimentally demonstrated.
The patterning capability of PS-fullerene PNC systems are demonstrated in Chapter
5. The process exploits two ﬁndings in this work: (i) self assembled phase morphol-
ogy and ﬁlm stability and (ii) photo-chemical transformation of the fullerenes. Various
lithographic techniques in the literature are surveyed in the introduction, followed by a
description of the setup and methodologies of our patterning approach. A circuit struc-
ture prototype was produced as a proof of principle of the patterning technique. We close
the chapter by showing that the photo-generated features can also be utilised to study
the phase behaviour of polymer nanoparticle mixture under lateral conﬁnement. Finally,
we conclude in Chapter 6, summarising all the experimental observations, highlighting
the system's potential applications and establishing future directions of the research.
15
2. Chain dynamics and glass formation
of bulk PNCs
2.1. Introduction
A polymer is a macromolecule comprising one or several types of repeating units called
monomers connected through a polymerisation process. At high temperature when poly-
mer is in melt and rubbery state, it is behaving according to Newtonian ﬂuid mechanics
and can be treated as a viscous liquid. Upon cooling, amorphous polymers which are
highly disordered start to vitrify away from the ideal equilibrium line into a glassy, non-
equilibrium state at the glass transition temperature (Tg). The glassy polymer now has
many characteristics of Hookean solids. Very rarely that a material will strictly follow
either Newtonian or Hookean behaviour, complex ﬂuids such as polymers which shows
characteristics of both is termed viscoelastic material. In comparison, a crystalline ma-
terial goes through an abrupt volume change at the melting temperature (Tm) upon
cooling, as demonstrated in Figure 2.1.
Polymers are ubiquitous materials which have evident impact on everyone's life, from
the transparency of soft drinks bottles to the strength of kevlar in bullet proof vests.
These wide engineering applications are dependent on the micro or macroscopic proper-
ties of polymer (thermal, rheology, mechanical). These properties are not only governed
by their molecular structure (polymer architecture; molecular packing), but also by the
molecular relaxation and orientation (dynamics). Various polymer dynamics and re-
laxation processes of amorphous polymers relevant to our work are ﬁrst introduced in
subsection 2.1.1, followed by the glass formation properties in subsection 2.1.4. The role
of nanoadditives in each of the bulk properties is elucidated along in each section.
2.1.1. Dynamics of amorphous polymers
Chain dynamics: polymer reptation and segmental motion (α relaxation)9
Polymer relaxation motions span a variety of time and lengthscales and can be studied
by probing the polymer's response to external stimuli (temperature, applied voltage, me-
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Figure 2.1.: Variation of volume (V ) and enthalpy (H) of a glass forming material cooled
at diﬀerent rate (for Q1>Q2). The temperature dependence of volume
of a crystal forming substance is included as reference with Tm= melting
temperature.
chanical load, etc). Polymer reptation is one of the many proposed dynamical concepts
which was originally developed by de Gennes, Doi and Edwards to explain the macro-
scopic viscous behaviour of amorphous polymers. As its name suggests, the polymer
chain is proposed to follow a snake-like motion, wriggling along a tube, disentangling
itself from other chains in the process and ﬁnally moving out of the original tube. Chain
center of mass (CM) motion occurs above the glass-to-rubber transition which charac-
terise Tg, an important material parameter associated to changes in material modulus,
toughness and viscosity. There are two other dynamical modes besides CM motions,
namely (a) the segmental mode or simply α relaxation which is the cooperative segmen-
tal motion perpendicular to the polymer backbone and (b) the slightly slower but more
global dynamics parallel to the chain contour known as the normal mode, involving the
end-to-end vector ﬂuctuations (changes of end-to-end distance R) of the polymer chain
(refer to Figure 2.2). The magnitude of Tg is normally taken as the qualitative indi-
cator of the rate of the chain dynamics in which higher Tg implies slower overall chain
dynamics.
The Tg is identiﬁed as (a) the intersection between the liquid and glass lines of the
enthalpy (H) or speciﬁc volume (ρ−1) vs temperature curves, as shown in Figure 2.1;
or (b) as a characteristic step change in the heat capacity dH/dT and expansion coeﬃ-
cient dρ−1/dT vs temperature graphs. The continuity in both the free energy (G) and
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Figure 2.2.: Schematic of various dynamical processes in polystyrene. CM stands for
center of mass of the polymer chain.
its ﬁrst partial derivatives (H, ρ−1), together with the signature step in second partial
derivatives of G (dH/dT and dρ−1/dT ) suggest that the glass transition might be a clas-
sical second order thermodynamic transition.1012 However, the molecular cooperativity
concept13 and free volume theories14,15 also prove that it is also a (reversible) kinetic
rearranging process. Despite Tg being one of the most important selection criteria in
polymer applications, the underlying nature of the glass transition is still unclear.
Glass transition temperature measurement techniques, on the other hand are well
established, including mechanical, dielectric, dilatometric, ellipsometric and calorimetric
techniques. The α relaxation and the associated rate can be investigated using dielectric
or mechanical spectroscopy via the polymer relaxation response to the applied voltage
and mechanical load, respectively. The non-Arrhenius temperature dependence of α
relaxation time (τα) generally follows the Vogel-Fulcher-Tammann (VFT) relation, a
generalisation of Williams-Landel-Ferry (WLF) time-temperature superposition equation
for polymeric ﬂuids:
τα = τ0 exp
(
DTV
T − TV
)
(2.1)
where τ0 is the pre-exponential factor often taken as 10−14s as proposed by Angell,16 D
is a characteristic constant related to the temperature dependence of τα while TV is the
Vogel temperature that can be related to Tg. Typically TV is 50◦C below Tg where ﬂow
can no longer take place.
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In addition, Tg is also highly dependent on the rate of the external stimuli. For
instance, as seen in Figure 2.1, if an amorphous polymer is subjected to a high cooling
rate, the relatively short time for chain reorganisation vitriﬁes the chain at a higher T
than that one experienced at a lower cooling rate. The conventional cooling and heating
rate used in Tg measurements is 10◦C/min. Similar rate eﬀect can be observed in a
material's response to the rate of mechanical load. If the load is applied too fast, the
polymer has less time to cope with the stress and thus exhibit glass-like behaviour due
to the increase in Tg.9 As an example, silly putty can be stretched when pulled slowly
above Tg; in contrast, when hit with a hammer, it shatters like a brittle glass, as though
it is well below its Tg.
Other dynamics:β and γ relaxations
The β process is a type of secondary fast dynamics below Tg (no CM motion) which
is related to the localised side chain motions and main chain bond rotations. One of
the manifestation of the β relaxation process in polymers is physical ageing, a sub-Tg
molecular rearrangement process towards equilibrium involving small scale subsegmental
groups in the polymer backbone or the ﬂexible side groups. Physical ageing process
is crucial for the understanding of the mechanical characteristics of glassy materials,
including toughness, yield strength, elongation at breaking (see subsection 2.1.3). The
other type of secondary relaxation process is the γ relaxation which can be associated to
side group rotations (in nanosecond-picosecond range) (see Figure 2.2).
Finally, faster dynamics includes atomic vibrations/ hydrogen atom delocalisation
at higher transition rate in the femtosecond range (see Figure 2.2). Inelastic neutron
scattering can be adopted to measure nuclei vibrations in the deep glassy state close
absolute zero temperature. At higher temperature (T ≥ 50-80 K), larger scale motions
with lower activation energy such as side group rotations kicks in and can be investigated
using quasi-elastic neutron scattering. The understanding of such fast dynamics can shed
light in the packing properties and permeability, as well as mechanical characteristics of
the polymers.
2.1.2. Eﬀect of nanoadditives on glass transition dynamics
The addition of small amount of nanoadditives to polymers can induce signiﬁcant alter-
ations to polymer dynamics and other glass transition related properties. These unique
property changes in PNCs are usually rationalised in terms of the interplay between
the following factors: (i) speciﬁc interactions between polymer and nanoparticle, as well
19
2. Chain dynamics and glass formation of bulk PNCs
as polymer-polymer and nanoparticle-nanoparticle; (ii) nanoparticle shape, and the rel-
ative size of the nanoparticle (RNP ), interparticle distance (HI) and polymer radius of
gyration (Rg). The enthalpic (i) and entropic (ii) factors above critically aﬀects the
micro-nanostructure of the PNC and deﬁnes an eﬀective nanoparticle surface area-to-
volume ratio and the corresponding property changes.
Enthalpic and entropic interactions
The chain dynamics can be accelerated or restricted depending on the polymer-nanoparticle
interactions, as shown by simulations17,18 and various experimental works summarised in
Table 2.1 in terms of their respective Tg shifts. For example, favourable pi−pi interactions;
intermolecular interactions such as hydrogen bonding;19 and non-wetting voids20,21 be-
tween nanoparticle and polymer are the most common explanations for the observed Tg
changes in PNC systems.
One of the strategies to tune the polymer-nanoparticle compatibility is by grafting
the nanoparticle with polymer ligands of diﬀerent functionalities and Mw to tune the
enthalpic and entropic interactions of the nanoparticle with the surrounding matrix. If
the surface ligands are chemically similar to the polymer matrix, entropic interactions
can be signiﬁcant. High Mw grafted layers can accommodate the polymer host chain,
creating an interpenetrated wet brush layer with good polymer-nanoparticle interac-
tions. In contrast, lower Mw grafting polymer ligands would create the so-called dry
brush layer which the surrounding host chains are entropically driven away, resulting a
reduction in host chain density between the brush layer and the surrounding matrix and
hence weak or neutral polymer-nanoparticle interactions. Increasing nanoparticle size,31
surface grafting density25 and decreasing theMw of the polymer host matrix25,28 further
reduces the nanoparticle surface-to-volume ratio and so does the polymer-nanoparticle
compatibility and the magnitude of Tg changes. All parameters above are interrelated
and can in principle be manipulated to tailor Tg and the associated chain dynamics.25,28
Physical conﬁnement: interfacial or size eﬀect?
Polymer chains subjected to various form of conﬁnement including (i) within nanoscale
pores (3D conﬁnement); (ii) by its own nanoscale ﬁlm thickness (2D conﬁnement) have
been studied extensively in recent years. The results shown that polymers subjected
to these nanoscale conﬁnement exhibit unexpected and intriguing dynamical properties
that often deviate substantially relative to bulk polymer.
Jackson and McKenna32 conducted the ﬁrst nanoconﬁnement study in 1991, showing
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Polymer
nanocomposite
Sample
preparation
Method Reference Tg shift
PS-C60 Direct mixing DSC
22
↑
PS-C60 Solvent casting DSC
22
↑
PS-butylated C60 Solvent casting DSC
22
↑↓
PS-dodecylated C60 Solvent casting DSC
22
↑
PS-C60 Rapid precipitation DSC This work ↑
PS-f-SWNT Solvent casting DSC
23
↑
PS-MMT Clay Solvent casting Multifrequency
DSC
24
↑
PS-(PS-grafted Au) Solvent casting DSC and CSD∗
25
↑↓
PS-SiO2 Solvent casting DSC
20
↓
PS-SiO2 Spin coating Fluorescence
26
↓
PS-crosslinked PS Rapid precipitation DSC
27
↓
PS-f-CdSe Solvent casting DSC
28
↓
PS-Alumina Spin coating Fluorescence
19
↔
PMMA-C60 Solvent casting DSC
29
↑
PMMA-Alumina Free radical
polymerisation
DSC
21,30
↓
P2VP-Alumina Spin coating DSC
19
↑
Table 2.1.: Literature survey on the Tg characterisations of various PNC systems.
CdSe: Cadmium Selenide; SWNT: single wall carbon nanotube; SiO2: sil-
ica nanoparticle; MMT clay: montmorillonite clay. *CSD denotes capacitive
scanning dilatometry.
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a calorimetric Tg reduction of as much as 18 K relative to the bulk Tg for organic glass
forming liquid (o-terphenyl) conﬁned in three dimensional 40Å pores of Vycor glass.
This work highlighted the importance of size eﬀects on glass transition and inspired
many subsequent works on this ﬁeld. Three years later, Keddie et al.33 started to work
on polymer glass transition under 2D conﬁnement in polymer thin ﬁlm geometry. There
are two experimental observations that are since universally accepted. Firstly, Tg varies
as a function of ﬁlm thickness (h). Secondly, the direction of the Tg shift is governed by
polymer segment-segment, polymer segment-wall (substrate and free surface (polymer-
air interface)) interactions. Unlike free standing polymer ﬁlms, the thickness dependence
of Tg of substrate supported (capped or uncapped) thin ﬁlms does not depend on Mw
within the range of 120 to 2900 kg/mol. There are many excellent reviews already written
on this topic.3436
The presence of nanoscale additives in polymer matrix has been compared17,20,26 to
conﬁning polymers in nanopores34 and thin ﬁlm33,35 geometry. Firstly, the comparison
is made based on the widely accepted interfacial interactions between: (i) polymer-
nanoparticle in PNCs; (ii) polymer-nanopores in 3D conﬁned polymer; (iii) polymer-air
and polymer substrate in 2D conﬁned polymer thin ﬁlms. Secondly, the physical size
constraint (interparticle distance) imposed by the nanoadditives to the polymer matrix
is also likened to the dimensions of nanopores and thin ﬁlm thickness. One should
note that, controlled nanopores and ﬁlm thickness provide uniform nanoscale conﬁning
dimension which give rises to large deviation of dynamical properties. This is not usually
the case, however, for PNCs as the size and uniformity of the interparticle distances are
dictated by the nanoparticle dispersion in the matrix.
The underlying mechanism and deﬁnition of conﬁnement has been subjected to nu-
merous discussions and debates. In a recent commentary, McKenna37 reﬂected whether
the conﬁnement lengthscale is considered to be (a) an intrinsic size eﬀect causing strong
perturbations to chain conformations or (b) simply another means of enhancing inter-
facial contacts between the polymer and the surface of interest. There are mixed views
in the large body of literature regarding PNCs. Some25,27,29 deﬁne conﬁnement using
a size criterion, speciﬁcally that 3D conﬁnement of polymer chains by the nanoparticles
requires interparticle distance (HI) to be less than 2Rg of the polymer. On the other
hand, many other studies19,20,26 follow the interaction criterion and continue to use the
term conﬁnement even though HI > 2Rg, up to hundreds of nm.
The size conﬁnement eﬀect to polymer chains was demonstrated unequivocally using
PS-crosslinked PS nanoparticles27 and PS grafted CdSe nanocomposites.28 Since the
polymer, nanoparticle and the grafted oligomers are of the same material, the eﬀect of
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chain conﬁnement between nanoparticle can be investigated without the possible inﬂu-
ence from enthalpic forces. It was found that the resulting decrease in Tg of the athermal
mixtures is otherwise absent when directly blending the corresponding linear PS chain
into the PS matrix, demonstrating the underlying size eﬀect of nanoparticle conﬁne-
ment (HI < 2Rg). However, the vast amount of available literature indicates that even
though the conﬁnement lengthscales in nanocomposites19,20,25,26,29 (HI) and polymer
thin ﬁlms33 (h) is of the order of hundreds of nm ( 2Rg of the polymer), Tg changes
can still be observed. This had led many others to postulate that the inherent size eﬀect
of conﬁnement could be outweighed when external interfacial interactions are present, as
smaller HI can also be translated as more interfacial area for polymer-nanoparticle inter-
actions. Such surface interactions can be eﬀective at lengthscales2Rg, up to 500 nm.26
In short, the sign of the PNCs Tg shift is governed by the speciﬁc polymer nanoparticle
interactions while the conﬁnement lengthscale (i.e. HI) and its uniformity can tune the
magnitude of the Tg changes.
Inﬂuence of interfacial dynamics on bulk chain dynamics
Nanocomposite chain dynamics and Tg are governed by the locally perturbed polymer-
nanoparticle interfacial dynamics. The relaxation of polymers is driven by the stringlike
collective motion of many polymer segments in cooperatively rearranging region (CRR)13
which is only 1-4 nm in width. However, we often see dynamical changes in a much global
manner, as a polymer segment can be aﬀected by a nanoparticle surface or ﬁlm interface
located hundreds of nm away, a lengthscale far greater than the average CRR . This
brings up the question, how can the perturbed interfacial dynamics aﬀect the bulk chain
dynamics tens or hundreds of nm away?
Some argue that there are abrupt changes in dynamics between the bulk and the
interface of interest. This model is generally known as the two-layer (interfacial and
bulk) model.38 Similarly, a three-layer model was proposed by Tsagaropoulos and Eisen-
berg39 comprising an immobile layer adjacent to the particle, an interfacial layer with
perturbed mobility that give rise to a second Tg and quasi-bulk polymer which exhibits
homopolymer-like dynamics that is not aﬀected by the particles.
Some also reported that altered polymer-nanoparticle interfacial dynamics can extend
to the bulk in a gradient or homogeneous manner. Bansal et al.20 and Kropka et al.29
have both rationalised their results on PNCs based on the the percolation model of
Long and Lequeux.40 The model involves dynamically altered domains surrounding the
nanoparticles, the so called interaction region (IR), and other domains with average
mobility. The IRs interact with each other and subsequently propagate gradually tens
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Figure 2.3.: Variation of volume (V ) and enthalpy (H) of a glass forming material cooled
at diﬀerent rate (for Q1>Q2). The red line denotes the partial structural
relaxation (physical ageing) of the glass done isothermally (<Tg). TF is the
ﬁctive temperature of the aged glass that is obtained at the intersection point
between the glassy line and the extrapolated equilibrium line.
to hundreds of nm into the bulk. The IRs then disrupt the percolating pathways of the
average regions and change the onset temperature (Tg) of the percolations. Similarly
for polymer thin ﬁlms, Ellison and Torkelson41 have measured the distribution of Tgs
orthogonal to a PS multilayer ﬁlm using ﬂuorescence labeling method, showing that the
Tg of the ﬁlm is depth-dependent from the free surface layer several tens of nms away.
2.1.3. Physical ageing
Any glass forming material, when cooled from equilibrium melt state towards Tg, their
rate of structural relaxation lags behind the cooling rate as a result of the slow molecular
motion associated with the α relaxation. When the equilibrium liquid vitriﬁes at Tg, the
thermodynamic variables of volume and enthalpy will deviate from the equilibrium upon
further cooling into the glassy state (see Figure 2.3). Depending on the thermal conditions
below Tg, such as the ageing time and temperature, the excess thermodynamic quantities
provide the driving force for the non-equilibrium glassy structure to relax continuously
towards equilibrium. This relaxation process, known as physical ageing,42 is observable
via a reduction in volume and enthalpy towards equilibrium state. The term physical
is added to discern this reversible process from chemical ageing which causes permanent
structural damages, for example oxidation and degradation of the material. The kinetics
of physical ageing process is governed by the temperature at which it occurs. In the deep
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glassy state, the relaxation process is so slow that it is not possible to reach equilibration.
The ageing kinetics go through a maximum if aged close to Tg before the rate decreases
drastically again if the ageing temperature is about 15◦C below Tg.42
After cooling at rate Q1, the isothermal physical ageing of the glass are denoted by the
red line shown in Figure 2.3. TF is the ﬁctive temperature of the aged glass that is ob-
tained at the intersection point between the glassy line and the extrapolated equilibrium
line. The resulting macrostructural i.e. volume and enthalpy changes can be investigated
using volume dilatometry and calorimetric methods, respectively. The latter technique
is prevalent in ageing studies and is used in the current work. In addition, the physical
ageing process is also manifested by microstructural or molecular scale rearrangements
of subsegmental ﬂexible groups in the polymer backbone or side groups which can be
measured using ﬂuorescence and scattering techniques.19,26,43
Physical ageing is often accompanied by time-dependent mechanical property changes
which compromise the material's performance and useful lifetime. When physically aged,
the material mode of failure usually undergoes a ductile-to-brittle transformation. Phys-
ical ageing studies have therefore attracted considerable engineering interest. From a
scientiﬁc perspective, the study of the details of molecular reorganisation during physi-
cal ageing can shed light onto glass formation and glass transition phenomena. In this
work, we also aim to tackle the problem concerning the impact of C60 on the PS physical
ageing process. The physical ageing in PNCs depends on much of the same combination
of parameters discussed earlier in the context of Tg shifts (see subsection 2.1.2).
2.1.4. Glass formation properties
Besides having an evident impact on the polymer dynamics, the comparable size of
nanoparticle and lengthscale of dynamic heterogeneity of polymer ﬂuid (2-3 nm) means
that nanoparticles may also be eﬀective at modifying the polymer glass formation. Here,
glass formation refers to the solidiﬁcation process that happens naturally in polymers
and other amorphous materials, much like crystallisation for crystals. In this thesis, we
mainly consider properties that are inherently related to the glass formation which include
(a) polymer sub Tg microstructural properties such as physical ageing; (b) the state of
molecular packing in the glassy state; and (c) the associated fragility44,45 of the polymer.
The fragility has no mechanical meaning, rather, it is deﬁned as the strength of the
temperature dependence of polymer relaxation and transport properties (viscosity and
relaxation time) when approaching Tg from melt. Many amorphous polymers, whose re-
laxation processes normally show non-Arrhenius (abrupt) temperature dependence near
Tg are fragile. More ordered systems which show nearly Arrhenius temperature depen-
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dence are strong due to their strong resistance to relaxation changes when approaching
Tg, leading to a more gradual glass transition.
The understanding and, ultimately, the control of fragility are important as they govern
many engineering related properties, for instance viscosity changes up to tens of orders
of magnitude over a moderate temperature range. There are two deﬁnitions of fragility:
dynamic fragility and thermodynamic fragility. The rapidity the property temperature
dependence near Tg is deﬁned as dynamic fragility (m), withm increasing for fragile glass
formers. In contrast, the thermodynamic measure of fragility is essentially the change`
or ratio between liquid and gas heat capacity at Tg (∆Cp); with fragile glass formers
generally showing larger ∆Cp. It has been shown thatm and ∆Cp are non-systematically
correlated for polymeric glass former,46 hence creating a dilemma for a standard fragility
classiﬁcation. Nevertheless, dynamic fragility is predominantly adopted in the literature
and, thus also in this thesis.
Recent theoretical work based on the entropy theory of glass formation47 indicates
that the origin of fragility variation in complex polymer ﬂuids of various architecture48
and statistical length lies in their glass packing state. Polymer chains which exhibit
disordered molecular packing in the glassy state, normally exhibit large free volume and
fragility as well as high Tg. To visualise this, one can consider a polymer cooled from the
melt state, when approaching Tg, the polymer with a more disrupted molecular packing
in the glassy state freezes at higher temperature (hence higher Tg). In comparison,
polymers with better packing in the glass allow the motion to continue further to lower
temperature and hence exhibit lower Tg. Another similar scenario occurs by varying
the rate of cooling as a higher cooling rate will result in a higher Tg due to the rapidly
quenched sample having higher degree of disorder.
Based on the observed changes in glass formation in polymers with various architec-
tures,47,48 it is envisaged that it is also theoretically possible to have diﬀerent types of
nanoscale additives that modify the glass formation (molecular packing, free volume,
fragility). The changes in glass formation, however, often happen in a complex way that
is diﬃcult to reconcile with the previous free volume-mobility picture. One might assume,
based on the conventional volume-mobility framework that the free volume and fragility
should be inversely proportional to Tg but many experimental and simulation studies
have proven that this is not the case for many PNC systems. Under these circumstances,
merely tracking changes in Tg is informative but will not suﬃce to understand the fun-
damental changes in glass formation in the presence of nanoparticles. Generally, the low
frequency chain dynamics (Tg) should be coupled with its high frequency dynamics to
provide the whole story and possibly a general trend.
26
2. Chain dynamics and glass formation of bulk PNCs
Figure 2.4.: Structure of polystyrene (PS) monomer and fullerene (C60). The radius of
gyration (Rg) of PS employed (Mw = 270 kg/mol) is approximately 14 nm
(Rg = c(Mw)0.5 where c is 0.27 for PS;49 Rg = d(N/6)0.5 where d is the
(kuhn) segment length of the polymer (6.74 for PS) while N is the total
number of segments in a chain) and the outer diameter of C60 is approxi-
mately 1 nm.
In the present study, in addition to chain dynamics and physical ageing, we also seek
to describe the quantitative changes of glass formation in amorphous PS in the presence
of C60 fullerenes. The summary of results are then compared with various simulation and
experimental studies in literature to establish general trends in dynamics and glass for-
mation changes by diverse class of additives. Such general understanding is essential for
full exploitation of the bulk PNCs potential in various practical engineering applications
such as membrane or coating fabrication.
2.2. Materials and experimental techniques
2.2.1. Sample preparation
C60 nanoparticles were purchased from MER Corp. (99+% purity) and were used as
received. Our polymer matrix, polystyrene, was obtained from BP Chemicals and was
precipitated into excess methanol (non-solvent for both PS and C60) and characterised
by Gel Permeation Chromatography (GPC) (Mw = 270 kg/mol and polydispersity index
PDI = 2.4) before use. The precipitation step helps to remove impurities and fractionates
the polymer. The monomer structures of PS and C60 are shown in Figure 2.4.
The solution preparation procedure is shown in Figure 2.5. Firstly, C60 fullerenes and
PS were dissolved in common solvent toluene, with the C60-toluene solution sonicated1
for 30 minutes (tS1) (a) after being stirred adequately until no visible undissolved C60
1Sonicator model CAMLAB Transsonic T570/H
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a b c
d e f
Figure 2.5.: PS-C60 solution preparation procedure (see text).
a b
c d
Figure 2.6.: Illustration of (a) rapid precipitation of PNCs in excess methanol; (b) sample
drying under vacuum; resulting bulk nanocomposite samples in (c) ﬁbre and
(d) powder form.
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Figure 2.7.: Heat-ﬂux DSC from TA Instruments, Model Q 2000.
can be observed. The sonicated C60-toluene solution was then mixed with PS-toluene
solutions to yield diﬀerent C60 mass fractions to PS (b). The PS-C60-toluene solutions
were then stirred for about 2-3 hours in the dark (c).2 The solutions were subsequently
sonicated for another 30 minutes (tS2) (d) which was then followed by 2 days of stirring
at room temperature, again in the dark (e). The resulting solutions (f) can now be used
either to prepare bulk PNCs or PNCs thin ﬁlms (explain in subsection 4.2.1 in Chapter
4).
Bulk PS-C60 nanocomposites were prepared using rapid precipitation method, as il-
lustrated in Figure 2.6a. After stirring, the solutions were introduced dropwise into
large volume excess (20 times) of stirred non-solvent methanol (a). Light purple ﬁbre-
nanocomposites were obtained upon precipitation (c). For solutions with lower (PS-C60)
/ toluene fraction, PNC samples in the form of yellowish brown powder were obtained
instead (d). The precipitated ﬁbre/ powder nanocomposites were dried at room temper-
ature for a day before being subjected to further drying at 90-105◦C under full vacuum3
for 3 days (b). Further sample treatments vary with each individual experiment and
apparatus setup and hence will be detailed in the respective relevant sections.
2.2.2. Diﬀerential scanning calorimetry (DSC)
In this work, thermal properties of bulk PS-C60 nanocomposites were characterised using
diﬀerential scanning calorimetry (TA Instruments Q2000), shown in Figure 2.7. The
instrument was calibrated using sapphire prior to measurements. The DSC chamber is
2Solutions were wrapped with aluminium foil, to be explained in Chapter 4.
3Vacuum oven model- Binder VD23, Germany with Edwards RV5 pump (operating temperature- room
temperature to 250◦C)
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Figure 2.8.: Schematic diagrams of (a) diﬀerential thermal analysis (DTA), and (b) heat-
ﬂux diﬀerential scanning calorimetry (DSC). Taken from ref [50].
operated under a helium environment and nitrogen cooling system and has a operating
temperature range between -180◦C to 725◦C.
Modes and principles of operation
DSC is an analytical technique that provides detailed calorimetric information such as
heat ﬂow and heat capacity change as a function of sample temperature. Small amount
of sample (5-30 mg) and a reference material which is a hermetic aluminium sample
holder are heated separately on a constantan alloy (55% copper and 45% nickel) heating
disk, as shown in Figure 2.8b. The diﬀerence of heat input between the sample and
pan and a reference material, usually an empty pan, kept at the same temperature is
recorded via a constantan-chromel thermocouple junction. Diﬀerential thermal analysis
(DTA), on the other hand, involves heating the sample and reference material via the
same heating source and recording the temperature diﬀerence between the sample and
reference material via sensors as depicted in Figure 2.8a. In this work, we employ DSC
as DTA only gives temperature diﬀerences.
PS-C60 nanocomposites were prepared by rapid precipitation (RP) as described ear-
lier in subsection 2.2.1. After drying, PNC samples in ﬁbre form were used directly for
calorimetry experiments. To measure Tg and ∆Cp, a sample experienced two heating
ramps as depicted in Figure 2.9a: (i) preliminary heating cycle at 10◦C/min to 160◦C
where the sample was held isothermal for 5 min to eliminate previous thermal and me-
chanical history, producing fresh sample, before being quenched rapidly at 60◦C/min
to 30◦C; (ii) a second heating cycle to 160◦C at 10◦C/min during which Tg and heat
capacity step change ∆Cp were measured. The DSC thermogram can be a plot of spe-
ciﬁc heat capacity change (C60 contribution removed by normalisation with PS mass
alone) or heat ﬂow change between sample and reference pan as a function of sample
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Figure 2.9.: DSC thermal procedure employed to characterise the (a) thermal properties
(Tg and ∆Cp) and (b) physical ageing of PS-C60 nanocomposites. Note that
the physical ageing protocol has an additional isothermal annealing step in
the glassy state at the ageing temperature (Ta) for a certain ageing time (τa)
.
environment temperature. The endothermic signals are pointing upward for all DSC
thermograms. The Tg is deﬁned as the point of intersection between two lines tangent
to the glass baseline and mid-point-Tg (onset-midpoint method) (see Figure 2.10). The
step change of gas and liquid heat capacity (∆Cp) at Tg is obtained using a half-width
method; that is the Cp diﬀerence between the extrapolated liquid and glass lines at mid-
point Tg (∆Cp=Cpliquid(Tg)−Cpglass(Tg)) (see Figure 2.10). Uncertainties in Tg and ∆Cp
were estimated by the maximum deviation of three independent measurements, typically
1◦C and 0.02 J/g◦C.
Controlled isothermal physical ageing of the nanocomposites was also investigated
using DSC, following protocol shown in Figure 2.9b: (i) the thermal history of the sample
was erased in the preliminary heating cycle at 160◦C for 5 min (heating rate 10◦C/min).
(ii) The equilibrated sample was subsequently quenched rapidly at 60◦C/min to the
ageing temperature (Ta) (position A in the enthalpy-temperature plot in Figure 2.11a)
where it was held for a certain ageing time (τa) from 10 min up to 24 h. (iii) The
aged glass which is now at position B in Figure 2.11a was quenched rapidly to room
temperature at 60◦C/min, immediately followed by a ﬁnal heating run from which the
relaxation enthalpy of the aged sample can be obtained as the area under the DSC curve.
The relaxation enthalpy of the aged sample H is manifested in this ﬁnal calorimetry
heating scan via the emergence of an speciﬁc heat capacity overshoot superimposed to
the heat capacity step. With ageing, the overshoot magnitude increases and the peak
position is shifted to higher temperatures due to the increasing relaxation time of the
aged structure. The enthalpy recovery/ loss during physical ageing (∆H) is computed
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Figure 2.10.: DSC thermogram of neat PS (precipitated, Mw= 270 kg/mol) sample. The
heating rate is 10◦C/min and the data was converted to speciﬁc heat ca-
pacity with polymer mass (5.17 mg). Endothermic transitions up. The
diagram illustrates our methodology in locating our deﬁned Tg and ∆Cp.
by ﬁnding the integral diﬀerence between the the aged and unaged thermograms (∆H =
Haged − Hunaged) within temperatures Ta and T > Tg where both curves overlap, as
depicted schematically in Figure 2.11b. The above analysis must be carried out in order
to monitor the physical ageing process accurately. One must not conclude whether the
ageing is enhanced or suppressed merely based on the magnitude of the heat capacity
overshoot as higher overshoot doesn't necessarily correspond to a higher ∆H. Lastly,
∆H increases with τa and depends on the proximity of Ta to Tg (∆T = Ta − Tg); ∆H
is expected to be small if aged in the deep glassy state, goes through a maximum with
increasing Ta and start to decreases again close to Tg.
2.2.3. Dielectric spectroscopy (DS)
Instrumentation
Dielectric spectroscopy (DS) is used to probe polymer molecular motions by measuring
signals from the reorientating electrical dipoles as a function of applied temperature and
voltage frequency. When a dielectric material containing randomly orientated dipoles
is placed between an electrode and subjected to an alternating voltage frequency, the
resulting electric ﬁeld causes dipole reorientation and polarisation. The charges in the
dielectric polymer will then approach the electrode of the opposite charge, inducing
additional charges on the capacitors from the voltage source. Basically, DS measures the
complex dielectric permittivity (ε? = ε′ − ıε′′) of a material where the real part is the
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Figure 2.11.: (a) Enthalpy (or volume) vs temperature plot explaining the physical age-
ing process. State A is reached when cooled at a programmed rate from
equilibrium (>Tg) to Ta while state B is reached after subsequent ageing at
Ta for time τa. (b) Example of DSC traces during the ﬁnal heating cycle
of an unaged neat PS (black; state A) and an isothermally aged PS (Ta =
90◦C; τa = 24 h) (red; state B). The enthalpy recovery (reduction) during
physical ageing ∆H is computed by ﬁnding the integral diﬀerence between
the the aged and unaged thermograms (∆H = Haged − Hunaged) within
temperatures where the curves overlap before and after the ageing peak.
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Figure 2.12.: Broadband dielectric spectroscopy instrument setup. The cylinder on the
right is the sample environment of the instrument.
dielectric constant ε′, which is the ratio of capacitances with and without the dielectric
material; the imaginary part is the dielectric loss factor ε′′, a measure of energy loss due
to the diﬀerence between the relaxation rate and the applied voltage frequency.
At low temperature or high applied voltage frequency, the relaxation time of the poly-
mer internal motions is too long compared to the applied voltage switch; thereby leading
to small amount of dipole reorientations and polarisations, hence both the dielectric con-
stant ε′ and energy loss ε′′ are low. On the other hand, at high temperature and low
applied frequency, ε′ is high because the relaxation rate is high and comparable to the
alternating voltage. ε′′ is still low because the polymer motions can easily keep up with
the alternating voltage frequency due to low friction, resulting in little energy loss.
When the relaxation rate matches the experimental voltage frequency at intermediate
temperatures, a characteristic maximum in ε′′ and a step in ε′ can be observed, due to
increasing amount of dipole reorientations and internal friction. Measurements can be
performed either isothermally as a function of frequency or via an isochronal temperature
scan. The former method is adopted in this study.
Dielectric spectroscopy experiments were carried out with a Novocontrol system with
an integrated ALPHA dielectric interface shown in Figure 2.12. The instrument can mea-
sure the complex dielectric permittivity of the sample within a broad frequency window
10−1< F (Hz) < 106 at discrete 5◦C interval between -150◦C and 200◦C. The dielectric
spectrometer temperature is controlled by a nitrogen jet (QUATRO from Novocontrol)
with a temperature error of 0.1◦C during every frequency sweeps.
PS-C60 samples were prepared the same way as above, with the exception that after
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drying, the ﬁbre PNC samples were compression molded above Tg for 10 min into a
80-µm-thick and 20 mm-in-diameter ﬁlms followed by rapid quenching. A layer of gold
was then deposited on both sides of the sample to enhance the contact between the sam-
ple and the 20 mm-diameter gold electrode. Since the measurement sensitivity of the
reorientation of electric dipoles depends on the sample's dipole moment, measurements
from polystyrene based nanocomposites which are relatively non-polar can sometimes be
aﬀected by previous thermal and stress history. Therefore, the sample was equilibrated
by in-situ sample pre-annealing at 160◦C for 5 min and rapidly quenched. During mea-
surement, the temperature was increased stepwise at 5◦C interval, held isothermally for
a speciﬁc frequency scan. The temperature at which it was held was speciﬁcally chosen
to be 160◦C to ensure complete equilibration while minimising nanoparticle agglomera-
tion. The eﬀect of temperature on nanoparticle agglomeration will be discussed further
in Chapter 3.
Dielectric measurements were performed over a broad frequency window 10−1 < F
(s−1) < 106 in a selected temperature range of 100 to 200◦C. Within this temperature
regime, there are two dynamical modes in PS: normal mode and segmental dynamics (α
relaxation). The dipoles in PS are attached perpendicularly to the chain contour and
there is essentially no dipole moment changes parallel to the chain that would result
in dielectric response for normal modes. Therefore, only segmental α relaxation mode
can be resolved for PS in dielectric spectroscopy. Sub-Tg β and γ relaxations cannot be
resolved by DS due to the relatively non polar nature of polystyrene.
Data analysis
The dielectric data for each temperature were analysed using the Havriliak-Negami for-
malism51 which describes the dielectric loss factor (ε′′), the imaginary part of the complex
dielectric permittivity (ε∗) as follows:
ε′′ =
(
σ
ε0ω
)s
+ Im
(
∆ε
[1 + (ıωτHN )b]c
)
(2.2)
where σ is the direct current electrical conductivity;, ε0 is the vacuum permittivity,
the coeﬃcient 0 < s < 1 depends on the conductivity processes (evident in the low
frequency region), ω is the angular frequency (ω=2piF), ∆ε is the dielectric strength of
the relaxation (also deﬁned as the area under the relaxation curve), τHN is the most
probable value of the relaxation time and b and c are shape parameters related to the
symmetric and asymmetric broadening, respectively. Depending on the symmetry of the
relaxation peak, the average α relaxation time (τα) can either be calculated by means
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of τα = 1/2piFmax with Fmax being the frequency at the maximum of the dielectric loss
spectra or computed from the Havriliak-Negami ﬁtted parameters as shown in Equation
2.3 below:
τα =
1
2piFmax
= τHN
[
sin
bpi
2 + 2c
]−1/b [
sin
bcpi
2 + 2c
]1/b
(2.3)
The non-Arrhenius temperature dependence of τα can be described by Vogel-Fulcher-
Tammann (VFT) equation,5254 a generalisation of Williams-Landel-Ferry (WLF) time-
temperature superposition equation for α relaxation of polymeric ﬂuids.
τα = τ0 exp
DTV
T − TV (2.4)
where τ0 is the pre-exponential factor which is proposed by Angell16 to be 10−14s, D
is a characteristic constant that is related to the fragility of the material and TV is the
Vogel temperature that can be related to Tg (typically 50◦C below Tg where ﬂow can no
longer take place). The strength of the temperature dependence of relaxation processes is
frequently used to classify the dynamic fragility of glass-forming polymeric materials44,45
and can be estimated by:
m =
[
d log τα
d(Tg100s/T )
]
T=Tg100s
(2.5)
wherem is the dynamic fragility, τα is the structural relaxation time and T is the temper-
ature. Dynamic fragility can hence be estimated by the steepness of the slope of log ταvs
Tg100s/T at T = Tg100s where Tg100s is the dielectric Tg that can be estimated from VFT
equation as the temperature at which τα= 100s. Similarly, m can also be related to D,
the fragility constant from the VFT equation based on the expression m=16+590/D.55
In this chapter, we investigate the inﬂuence of C60 on PS thermal properties, chain dy-
namics (Section 2.3) and sub-Tg structural relaxation process (physical ageing) (Section
2.5). In particular, the C60-induced shift of PS chain dynamics is explored using diﬀeren-
tial scanning calorimetry while the polymer segmental dynamics (α relaxation process)
is investigated using dielectric spectroscopy in the time-temperature domain. The alter-
ation of the qualitative character of glass formation by C60 is investigated with dielectric
spectroscopy measurement of the PNC dynamic fragility and the results are presented
in Section 2.4. We ﬁnally discuss the combined implications of past and present exper-
imental observations, and theoretical models, to establish an understanding of general
trends between PNCs chain dynamics and glass formation, speciﬁcally Tg and fragility.
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2.3. Chain dynamics of nanocomposites
We ﬁrst report on the eﬀect of C60 on the chain dynamics of fresh (unannealed) PS-
fullerene nanocomposites by measuring PNC Tg using DSC. Figure 2.13 compiles the
DSC thermograms of PS-C60 nanocomposite as a function of C60 composition. The
estimated Tg (using onset-midpoint method) are indicated as vertical ticks on the DSC
traces and represented as a function of the C60 content in Fig. 2.14a. The data shows
an unequivocal increase in Tg with C60 content up to 4 wt %, beyond which a decrease
towards the values of the neat PS is observed. The larger error bars of Tg for particle
loadings 10 wt % to 30 wt % are believed to be caused by composition heterogeneity
in the sample, accompanied by large-scale agglomeration. The maximum increase in Tg
is approximately 4◦C. The presence of fullerenes has evidently caused the Tg to shift to
higher temperatures and is interpreted as slowing down of the PS chain dynamics. Above
a threshold ≈ 4-5 wt % which is associated to the onset of fullerene clustering in fresh
samples, the neat Tg of PS is slowly recovered.
The increment in ∆Cp (half-width method) associated with the glass transition is rep-
resented as a function of the C60 content in Figure 2.14b. For comparison purposes, ∆Cp
has been normalised by the mass of the polymer matrix alone, but the behaviour remains
qualitatively unchanged if Cp (J/◦C) is normalised by total sample mass (PS+C60). The
∆Cp is unchanged within experimental uncertainty up to 4 wt % C60 , showing a mea-
surable increase from 10 wt % onwards. A model study on PS56 shows that the ∆Cp is
invariant toMw above the entanglement molecular weight (Mc ≈10 kg/mol) while below
Mc, ∆Cp decreases with Mw. Our chosen Mw for the present study is 270 kg/mol which
is well above Mc and hence our observation of unchanged ∆Cp up to 4 wt % C60 in
Figure 2.14b is hence in accord to this model study.
Molecular dynamics simulations of nanoparticles in polymer melts57,58 have predicted a
speciﬁc heat increase at the crossover between dispersed and clustered nanoparticle states,
obtained from potential energy estimates of the particle conﬁgurations. We interpret this
jump in ∆Cp as an evidence of substantial clustering above 4-5 wt % fullerene loading
in the fresh composites.
The thermal behavior of pristine C60 fullerenes had been studied by Wunderlich and
co-workers.59 Within the temperature range considered in our measurements, the heat
capacity of C60 varies slowly, namely within 650 to 700 J/mol◦C or 0.90 to 0.97 J/g◦C
over 90-120◦C, and our temperature range is also well above the so-called crystal-to-
plastic crystal transition of C60 at ≈ -17◦C. We can therefore rule out any non-trivial
contribution of the heat capacity of C60 in this range.
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Figure 2.13.: DSC thermograms of PS(270k)-C60 nanocomposites obtained at a tempera-
ture scanning rate of 10◦C/min as a function of C60 content (0 to 30 wt%).
Vertical markers indicate the glass transition temperature Tg, deﬁned by
the onset method (see text). DSC curves are shifted vertically for clarity.
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Figure 2.14.: (a) Glass transition temperature of PS(270k)-C60 nanocomposites as a func-
tion of C60 nanoparticle concentration, obtained at 10◦C/min, indicating
an increase in Tg and gradual recovery beyond concentration ≈ 4 wt % C60.
(b) Dependence of the heat capacity jump ∆Cp at the glass transition on
the C60 mass loading. The dashed line indicates an apparent dispersibility
concentration limit associated with fullerene clustering in fresh samples.
Dielectric spectroscopy is used to provide further insight into the inﬂuence of C60
fullerenes in the chain segmental dynamics (α relaxation) of PS. Figure 2.15 depicts
the dielectric loss, ε
′′
for (a) neat PS; (b) 1 wt % and (c) 2 wt % C60, at T > Tg as a
function of frequency. At low frequencies, the relaxations are accompanied by strong DC-
conductivity contribution, resulting in the observed upturn in ε
′′
. Detailed data ﬁtting
procedures were followed using the empirical Havriliak-Negami equation and the ﬁts are
presented in Figure 2.15 as solid continuous lines. The average α relaxation frequencies
(Fmax), corresponding to maxima in ε
′′
, shift towards higher values as the temperature
increases. The vertical lines indicate the location of Fmax for the neat PS relaxation
spectra, showing the shifts toward lower frequencies (slower dynamics) as C60 loading
increases.
In a consistent manner with Tg, the resulting average α relaxation time, τα is also
increasing with higher C60 loading. The τα is calculated from the ﬁtting parameters
obtained from the Havriliak-Negami ﬁts as shown in Figure 2.15. The slowing down of
the segmental motions of PS by C60 is most obvious at lower temperatures and agrees
well with the Tg increment observed by DSC and DS (Figure 2.14 and 2.16b). The
representative dielectric glass transition temperature Tg100s is the temperature at which
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Figure 2.15.: Dielectric loss spectra of () neat PS(270k), (◦) PS-C60 1 wt % and (♦)
2 wt % as a function of temperature showing the α segmental relaxation.
The vertical lines indicate Fmax for neat PS α relaxation data at diﬀerent
temperatures, to highlight the shift of the relaxation curves towards lower
frequencies as induced by the C60. The solid lines are ﬁtting results using
Havriliak-Negami function (Equation 2.2).
τα is 100 s, a characteristic value associated with glass transition.
2.4. Nanoadditives induced polymer glass formation
changes4
After reporting the eﬀect of C60 on the chain dynamics (CM motions and α relaxation)
of PS, we now address whether the τα temperature dependence close to Tg or simply-
the fragility, is aﬀected by the presence of C60. A typical non-Arrhenius temperature
dependence of τα is clearly observed in the relaxation map, as shown in the inset of Figure
4Dielectric spectroscopy experiments were done at the Instituto de Estructura de la Materia (IEM,
CSIC), in collaboration with Dr. Alejandro Sanz (CSIC, Madrid) and involves many important
discussions with Prof. Jack Douglas (NIST, USA).
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Figure 2.16.: (a) Angell plot of () neat PS(270k), (◦) PS-C60 1 wt % and (♦) 2 wt %
fresh nanocomposites. τα is calculated from the ﬁtting parameters ob-
tained from the Havriliak-Negami ﬁts as shown in Figure 2.15 while the
reciprocal temperature is normalised with dielectric glass transition tem-
perature Tg100s , the temperature at which τα is 100 s which is depicted in
(b) with respect to C60 loading. Inset of (a) shows the relaxation map of
the same samples (log ταvs 1/T ) and the arrows indicate Tg100s . The lines
are best ﬁts to the experimental data to the experimental data using Vogel-
Fulcher-Tammann equation and (c) dynamic fragility m as a function of
C60 loading.
2.16a. The relaxation maps of the neat PS and PNCs were ﬁtted with VFT equation
and the resulting best ﬁtted parameters summarised in Table 2.2. We observe that the
Vogel temperature TV follows a similar upward trend with C60 loading compared to the
calorimetric Tg and dielectric Tg100s (see Figure 2.14a and 2.16b). More importantly, the
downward trend of parameter D and the corresponding increase in the fragility index
m as a function of C60 loading conﬁrm that C60 is indeed increasing the fragility of the
PS glass formation, as shown in Figure 2.16c. A clearer picture is given in Figure 2.16a
in terms of a so-called Angell plot (log τα vs Tg100s/T )
44 which is the most common
representation of the dynamic fragility of glass-forming liquids. The Angell plot shows
that the divergence of τα at glass transition temperature (Tg100s/T≈1) is steeper with
increasing C60 loading, thus validating that C60 is indeed fragilifying the PS.
Previous inelastic incoherent neutron scattering (INS) measurements60 within our re-
search group have already reported that C60 can modestly accelerate the local dynamics
of PNCs in deep glassy state namely the mean square amplitude of the fast femtosecond
range hydrogen vibrations (Debye-Waller factor <u2>). These results in an increase in
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Figure 2.17.: HavriliakNegami ﬁtting parameter: dielectric strength (∆ε) obtained for
() neat PS(270k); () 0.6 wt %; (◦) 1 wt % and (•) 2 wt % C60 loading.
Lines shown are guides to the eye for the PS and PS-0.6 wt %, respectively.
free volume and a corresponding decrease in local molecular stiﬀness κ which can be
described as the inverse slope of the <u2> dependence on temperature based on the
idealised harmonic solid model κ = 3kBT/<u2>. It is worth a note that the molecular
stiﬀness κ discussed here is strictly localised and does not necessarily represent the
stiﬀness of the polymer chain. Another study61 also indicates that the addition of fumed
silica nanoparticles to polymeric materials can increase the local free volume, resulting in
the corresponding increase in the permeability of the polymer as measured by positron
annihilation measurements.
The temperature variation of dielectric strength (∆ε), a Havriliak-Negami ﬁtting pa-
rameter for neat PS and nanocomposites is presented in Figure 2.17. It shows that ∆ε
increases with C60 loading, an observation that we attribute to the C60-induced enhance-
ment of interacting dipole correlations which can also be translated as a free volume
increase in the system, compatible with the results from previous INS experiments. The
shape parameters of the HN equation (b and c) show values between 0.4 and 0.9, demon-
strating the asymmetric and broad nature of the DS curves. The evolution of the shape
parameters, however, does not follow a clear trend as a function of C60 loading and tem-
perature and hence are not shown. A separate dielectric spectroscopy study62 on epoxy
resin-carbon PNCs also observed an increase in ∆ε and the results are also interpreted in
terms of increased free volume despite the cooperative segmental dynamics being slowed
down by the carbon ﬁllers, a ﬁnding that is qualitatively similar to our PS-C60 system.
Our past INS study, together with the present DS observations show that the C60 can
increase free volume and decrease molecular stiﬀness in the glassy state of the PNCs,
accompanied by increase in both Tg and dynamic fragility. The observations above can
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Sample Tg(DSC) (K) Tg100s(τα=100s) (K) TV (K) D m
PS 377.1 364 301 7.7 92.31
PS-0.6% C60 378.3 370 313 6.7 103.72
PS-1% C60 379.1 373 319 6.3 111.65
PS-2% C60 380.6 372 317 6.4 108.35
Table 2.2.: Summary of α relaxation parameters for fresh PS(270k)-C60 PNCs from best
ﬁt to the VFT relation (Equation 2.4). m was calculated from the fragility
parameter D via m = 16 + 590/D.
be rationalised based on a recent glass formation simulations47 to stem from a more
disrupted state of molecular packing in the glass. Recent dielectric measurements63 have
shown that C60 has similar eﬀect on polyisoprene (PIP), indicating that the above C60
eﬀects could be a general phenomenon.
The C60 eﬀects are diametrically opposite of the antiplasticising phenomenology that
decrease free volume and stiﬀen the material in glassy state while simultaneously reducing
Tg. Recent simulations64,65 have also related this antiplasticising phenomenon to: (a)
enhanced molecular packing and (b) a corresponding decrease of the scale of CRR and
ﬁnally (c) reduced fragility of glass formation. Due to the contrary directions of the sub-
Tg local dynamics and chain dynamics above Tg, both C60 and antiplasticisers show a
non trivial direct correlation between Tg, free volume and fragility. On the other hand,
common plasticising systems can speed up both chain dynamics and sub-Tg local fast
dynamics, yielding an inversely related Tg and fragility (Tg ↓, fractional free volume
and fragility ↑). One may now question, what is the underlying mechanism for such
changes in dynamics and glass formation and if there is a general trend for diverse class
of nanoparticles?
Recent simulations by Starr and Douglas66 indicate clear trends in the fragility changes
of polymers mixed with nanoparticles with various interactions. We next propose models
based on these new mechanistic insights to establish a general trend in chain dynam-
ics and glass formation, speciﬁcally, Tg and fragility changes by various nanoparticles.
Firstly, nanoparticles with moderately attractive interactions with the polymer are con-
sidered. They give rise to an increase in Tg, reﬂecting the immobilisation of the segments
near the abundant polymer-nanoparticle interfaces which slows down the average seg-
mental dynamics. At the same time, there is an accompanying increase in bulk fragility,
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Figure 2.18.: Schematic illustrating the correlation between Tg and fragility for PNCs
consisting of nanoparticles with diﬀerent interactions. Tg can be altered
upward or downward for attractive and repulsive interactions, respectively.
For moderately interacting PNC systems (a,b), the bulk molecular packing
(grey area) are substantially diﬀerent compared to that in the vicinity of the
nanoparticle (black), yielding directly related Tg and fragility. For highly
interacting PNC systems (c,d), the packing and fragility changes of the
polymer in the vicinity of the additive can now be extended extensively
away from the ﬁller, essentially making the bulk molecular packing follows
that of the polymer-additive interface (all grey), yielding inversely related
Tg and fragility. The grey area denotes the dominant fraction which yields
the Tg and fragility trend given below the cartoons.
free volume and segment cooperativity of the polymer. This is explained schematically in
Figure 2.18a, where the polymer chains exhibit higher packing eﬃciency in the vicinity of
the nanoparticle (black fraction) due to their favourable interactions and the vast polymer
nanoparticle interfacial areas. The attractive interfaces essentially attract more polymer
chains and thereby disrupting the bulk molecular packing away from such boundary
layers (grey fraction), resulting in the increase in both bulk free volume and fragility.
Further, the segmental dynamics of the polymer chains labelled grey is still restricted
by the polymer-nanoparticle interfacial area (black fraction), despite having more free
volume and packing disruption. As discussed earlier, recent theoretical work on glass for-
mation does suggest that glass molecular packing that is severely disrupted can increase
Tg signiﬁcantly, hence yielding a directly related Tg and fragility. On the other hand,
nanoparticles with repulsive interactions with the polymer cause Tg to drop, while at the
same time reducing the bulk fragility, as illustrated in Figure 2.18b. Antiplasticisers falls
on this category.
The interaction between the pi electrons of the phenyl group of PS and the delocalised
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Figure 2.19.: Schematic illustrating the correlation between Tg and fragility for PNCs
with moderately interacting nanoparticles with diﬀerent sizes. The reduc-
tion in polymer nanoparticle interfacial area with increasing ﬁller sizes >>
Rg (c) lead to small packing diﬀerence between interfacial layer (black)
and those away from it (grey), leading to little change in the bulk fragility
relative to neat polymer.
electrons of the fullerene should lead to a rather favourable interaction in PS-C60 mix-
tures and hence our results are perfectly in line with these simulations. C60 fullerenes
appear to induce molecular packing disruption and fragilifying PS, resulting in an in-
crease in high frequency PS local dynamics in deep glassy state but at the same time
slowing the chain dynamics above Tg! The variations in the local density accessible in
the simulations of Starr and Douglas66 are rather subtle so it has not yet been possible
to further examine the correlation between the packing state and the observed fragility
changes for nanoparticles exhibiting various polymer-nanoparticle interactions.
The direct correlation between Tg and dynamic fragility is reported in many reviews
of various polymeric glass formers with diﬀerent polymer architecture,67 with increasing
molecular weight,48,56 and in other experimental studies on PNCs.20,25 The comparison
to other studies on PNC systems is made diﬃcult by the fact that these studies often only
measure Tg but not the fragility. Nonetheless, in a study which utilises 14 nm untreated
silica nanoparticle which are non-wetting to the PS matrix, the Tg of the PNCs decreases
expectedly by approximately 10◦C.20 The authors did not comment on the results in
terms of the fragility but the width of the glass transition appears to broaden with
increasing silica loading, indirectly suggesting that the silica ﬁllers are making PS a less
fragile glass former.
It is important to note that the proposed mechanism and the suggested proportion-
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ality between Tg and fragility is not a general phenomenon as it is only applicable for
PNC systems with moderate polymer-nanoparticle interactions. For the systems possess-
ing extreme interactions (both repulsive or attractive), Tg and dynamic fragility maybe
inversely related, as demonstrated in Figure 2.18c and d. For example, the system of
polycarbonate (PC) and Aroclor 12605 has a signiﬁcant Tg decrease of up to 60◦C at 20 wt
% loading and an simultaneous increase in fragility.68 The large Tg decrease suggests that
the interactions between PC and Aroclor are extremely repulsive. Hence, the packing
and fragility changes of the polymer in the vicinity of the additive can now be extended
more extensively (presumably in a gradual manner29,41) into the bulk away from the
ﬁller, essentially making the bulk molecular packing follow that of the polymer-additive
interface (see Figure 2.18d).
The Tg-fragility correlation is unclear with grafted PNC systems. In a speciﬁc study,25
PS-grafted gold nanoparticles with a dry brush layer where the surrounding bulk PS
host chains dewets the grafted layer, show a modest decrease in both Tg and fragility at
low nanoparticle loading. On the other hand, there are negligible changes in the dynamic
fragility in the same grafted PNC system with an interconnected or wet brush layer
whose Tg is shown to increase. The latter ﬁnding highlights the impact of soft and
hard nanoparticle on the dynamic fragility of the system as well as its corresponding
relationship with Tg.
Much like for Tg changes, the size ratio between the nanoparticle radius RNP and
polymer Rg is also a deﬁning criterion for the magnitude of fragility changes in PNC
systems. For moderately attractive PNC system with RNP ≤ Rg, we have the scenario
shown in Figure 2.19a where both Tg and dynamic fragility show appreciable increase,
as discussed earlier. In contrast, for the same system with RNP  Rg, Tg can only
increase slightly due to the drastically reduced eﬀective nanoparticle surface-to-volume
ratio. There is limited polymer-nanoparticle interface where packing is better, thereby
resulting in a bulk packing similar to that of neat PS. As a result, macroscopic ﬁllers can
hardly alter the system's fragility as depicted in Figure 2.19c. The same scenario is also
likely for strongly interacting systems.
We now revisit the relationship between the dynamic fragility m and thermodynamic
fragility 4Cp. With Angell's prediction44 in mind, m should be directly correlated with
4Cp. However, as mentioned in subsection 2.1.4, both m and 4Cp are proven to be
somewhat uncorrelated for most glass formers and in fact, are inversely proportional
to each other in most polymeric systems.46,56 Therefore, one should not put too much
attention to the correlation between our results on 4Cp (Figure 2.14b) and m (Figure
5Aroclor is consisting of a polychlorinated biphenyl mixture with 60% chlorine.
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Figure 2.20.: DSC heating scans of (a) PS(270k) and (b-d) PS-C60 nanocomposites after
ageing at constant ageing temperature (Ta = 90 ◦C) for ageing times τa=
0, 60, 180, 1440 min.
2.16b). Indeed, Angell's prediction refers strictly to inorganic and small molecule glass
formers and is not necessarily applicable to polymeric glass formers.
The correlations above apply to well dispersed PS-C60 systems and can diminish or
even vanish upon particle agglomeration, as the interfacial area decreases and eﬀective
particle size increases. The extent of C60 dispersion at elevated temperatures will be
characterised in Chapter 3. In addition to that, both the Tg and fragility changes in
highly agglomerated system will also be further discussed in the next Chapter where
systematic agglomeration study is performed to further corroborate the proposed models.
2.5. Physical ageing of nanocomposites
We have shown above that C60 accelerates the high frequency dynamics of PS in the
glassy state while, at the same time, slows down the chain dynamics. We now turn our
attention to how C60 might also alter the physical ageing of PS. The sub-Tg structural
relaxation process may provide further insight into the relaxation phenomena in glassy
state and is thus also investigated this work.
Previous physical ageing studies of polymer nanoparticle mixtures have yielded mostly
contradictory results, in part because of the complex interpretation/ deﬁnition of such
structural relaxation. Physical ageing studies of PNCs involving sub 100-nm nanoﬁller
with attractive polymer-ﬁller interactions, namely PMMA-silica; P2VP-silica; PMMA-
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Figure 2.21.: (a) Relaxation enthalpy due to physical ageing 4H for (•) neat PS(270k)
and mixtures with () 2 wt %, (N) 4 wt % and (♦) 10 wt % C60, isother-
mally aged at Ta= 90◦C as a function of ageing time (τa). Lines are ﬁts
based on the Cowie and Ferguson relaxation model72 (b) Dependence of
4H with ageing temperature Ta for (•) neat PS and (N) PS-C60 4 wt %
(τa = 180 min), rescaled by their respective DSC Tg.
SWNT have all shown increase in Tg and suppression of physical ageing rate.19,26,69
Speciﬁcally, the nanocomposites require longer time to reach their ﬁnal equilibrium en-
thalpy relaxation after substantial ageing 4H∞ . In contrast, accelerated ageing has
been reported for a PMMA nanocomposite system containing functionalised silica par-
ticles with diameter > 200 nm, showing invariant Tg with silica loading, i.e. exhibiting
unfavourable polymer-ﬁller interactions.70,71 The combined DS and DSC study claims
that 4H∞ of the > 200 nm-silica nanocomposites is reached in shorter time and exhibit
a lower value compared to the neat counterpart. Thus, changes in physical ageing of
nanocomposites appear to be strongly linked to the lengthscale and interactions of the
incorporated ﬁller, structure and dispersion of the ﬁller network.
With these ideas in mind, we examine the inﬂuence of the C60 on the physical ageing
of PS using calorimetry. The ﬁnal heating scans measuring the relaxation enthalpy
are shown in Figure 2.20 for neat PS and nanocomposites after being aged at Ta =
90 ◦C for τa up to 24 h. The enthalpy or equivalent structural recovery rate can be
modelled by taking into account the nonexponentiality of the structural recovery process
via well known models such as Tool-Narayanaswamy-Moynihan (TNM) model7375 or
the equivalent Kovacs-Aklonis-Hutchinson-Ramos (KAHR) model.76 Both models have
been previously applied to PS experimental data.77 Figure 2.21a depicts the extracted
relaxation enthalpy 4H(τa) of isothermally aged PS and nanocomposites as a function
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of ageing time. For simplicity, we ﬁt our 4H(τa) data with a semi-empirical function
by Cowie and Ferguson72 which also appears to be an adequate descriptor of PS ageing
rate data;78 4H(τa) = 4H∞[1-exp(τa)/tc)β ], where 4H∞ is the equilibrium value for
4H after an inﬁnite ageing time (τa∞) while tc is the average relaxation time and β is
related to the width of the distribution of relaxation times.
Figure 2.21a quantiﬁes the relaxation enthalpy at Ta=90◦C with and without the
fullerenes. The ∆H obtained following the standard procedure decreases with C60 content
up to 4 wt %, with a slight reversal at 10 wt %. This apparent ageing suppression at
a given τa and Ta can be attributed to the decrease in overall chain and segmental
mobility (increase in Tg and τα) associated with the attractive PS-C60 interactions. By
this reasoning, isothermal ageing at Ta results in a trivial diﬀerence in 4T (Ta-Tg), i.e.
physical ageing is happening further away from Tg with increasing C60 loading. We
have thus compared the ageing of the neat PS and the nanocomposites at the same
4T (Ta-Tg). Figure 2.21b shows the dependence of 4H with ∆T at constant ageing
time τa = 180 min for PS and PS-C60 4 wt %. These results show that both data sets
largely superimpose within experimental uncertainties after rescaling the Ta by their
respective Tg. Thus, the suppression in physical ageing of PS-C60 at a given τa and
Ta can be attributed to their respective Tg increase but nonetheless, resulting from the
incorporation of C60. However, some studies70,71 have claimed that the nanoparticle
induced changes in the PNCs physical ageing process, either acceleration or suppression,
cannot always be reconciled by their Tg changes. However, this overlooks the fact that the
impact of nanoﬁller lengthscale to physical ageing and Tg are diﬀerent.43 The general
consensus is that, unlike Tg, physical ageing can be aﬀected by a larger conﬁnement
lengthscale. It is therefore not surprising that the physical ageing process can still be
altered in PNC systems containing large (hundreds of nm) ﬁllers, which such lengthscales
are far too large to cause any Tg changes.
It should be added that the eﬀect of the small nanoﬁllers like C60 on the ﬁnal aged
structure state has yet to be determined due to the ﬁnite τa in this present study. Future
studies detailing the plateau 4H∞ and ageing rates, over longer experimental times (>
days), are necessary to accurately elucidate the process.
The results from this physical ageing study is consistent with the conclusions drawn
from previous sections regarding the molecular packing changes of the PNCs. At a given
τa and Ta, the sub-Tg structural relaxation of PS is reduced, as reﬂected by the lower
relaxation enthalpy 4H. The weaker densiﬁcation and subsegmental relaxation process
toward equilibrium associated to the apparent suppressed physical ageing is compatible
with a more disrupted PS local molecular packing in the glassy state < Tg due to the
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presence of the moderately favourable C60 nanoparticle. The enhanced packing disrup-
tion and favourable PS-C60 interactions will then result in Tg increase, which in turn can
be accounted for the observation of the apparent ageing suppression.
2.6. Summary
We show in this chapter that the addition of C60 to PS leads to a non trivial alteration
of the polymer glass formation as well as changes in both fast dynamics (hydrogen vi-
brations) in deep glassy state below Tg and the overall chain dynamics above Tg, but in
contrary directions! Present DSC and DS studies shown that Tg, τα, free volume and
dynamic fragility increase with C60 concentration while previous INS study also reveals
that C60 increases the hydrogen mean square displacement amplitude <u2> and decreases
the molecular stiﬀness in the deep glassy state. These results can be rationalised based
on recent glass formation simulations,47 indicating that these observations originate from
a more disrupted molecular packing state in the glass due to inﬂuence of C60 fullerenes.
In a consistent manner, the apparent suppressed physical ageing of the PNCs (at a
given τa and Ta) indicates a weaker sub-Tg densiﬁcation process toward equilibrium which
can be linked to a more disrupted PS molecular packing in the glassy state, in line with
the conclusions above. In addition, the suppression of physical ageing in PNCs also
means that it will take longer time for the detrimental eﬀects associated with prolonged
ageing to occur, a ﬁnding of important practical consequences. The suppression eﬀect is
attributable to their respective Tg increase but is nonetheless, an inherent eﬀect of the
incorporation of C60.
The general trends in glass formation changes by diverse class of nanoparticles were
compiled and summarised accordingly in Table 2.3. Diﬀerent mechanistic models were
proposed to explain the changes to the chain dynamics and polymer glass formation,
speciﬁcally Tg and fragility, m under the inﬂuence of various types of nanoparticles. In
essence,6 the changes of both Tg and fragility result from the interplay between the bulk
packing state of the PNC glass and both the polymer-nanoparticle interaction strength
and interfacial area. Nanoparticle size and dispersion are therefore of paramount impor-
tance.
For a highly attractive polymer-nanoparticle system, the bulk molecular packing fol-
lows those at the polymer-nanoparticle interfacial area, yielding better packing and thus
a decrease in fragility. If the attraction is now modest (like in the case of C60), the bulk
6Tg depends on (i) polymer nanoparticle interactions (dominant); (ii) size/chain conﬁnement; (iii) av-
erage packing state while fragility depends on (i) average packing state (dominant) which depends on
(ii) polymer nanoparticle interaction strength. All factors depend on nanoparticle size and dispersion.
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molecular packing away from the nanoparticle should be substantially diﬀerent compared
to those in the vicinity of the nanoparticle, giving rise to a more disruptly packed and
fragile glass former.
The nanoparticle size and phase stability are also expected to be crucial in changing the
fragility of glass formation. For additives RNP > Rg, the lack of polymer-nanoparticle
interface means that the packing diﬀerence between those at the interfacial layer and
those at the bulk is negligible, resulting in packing and fragility that are similar to
neat PS. The extent of C60 dispersion at elevated temperatures will be characterised in
Chapter 3. In addition to that, both the Tg and fragility changes in highly agglomerated
system will also be discussed in the next Chapter where systematic agglomeration study
is reported to further corroborate our model.
Fullerene C60 clearly have a non-trivial inﬂuence on the PS chain dynamics and its glass
formation. Fragility enhancing C60 additive can be expected to enhance free volume and
gas permeability in the PS glass state at nm scale or smaller, an eﬀect also observed with
fumed silica nanoparticles.61 Fragility enhancement is also expected to enhance ductility,
extension at break and other properties correlated with relatively high free volume.
Together, our results conﬁrm that nanoparticles of the correct size and interaction can
(a) modulate the polymer glass formation through systematic manipulation of molecular
packing, free volume and fragility; (b) shift the fast dynamics (vibrations) in deep glassy
state and the chain (segmental) dynamics above Tg in contrary directions.
Finally, it must be emphasised that so far, we have discussed the fragility changes based
on the inﬂuence of C60 on the molecular packing below Tg in the glassy state. The packing
behaviour of PS-C60 PNCs above Tg is still unclear due to the unusually fast diﬀusion
of nanoparticles,79 polymer reptation and other large scale motion. Indeed, previous
reports indicate that the addition of nanoparticles, namely fullerene C60 80 and cross-
linked PS nanoparticles,27,81 to entangled polymer matrices resulted in a substantial
(up to 5-fold) decrease in melt viscosity. Other studies also reported a minimum in
PS diﬀusion with increasing carbon nanotubes82,83 and fullerenes84 provided that the
dimension of the tracer molecules (dPS) is larger relative to the nanoﬁllers. The puzzling
picture of polymer dynamics in the presence of nanoparticle at this temperature regime
will hopefully motivate future studies especially with computer simulations.
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Nanoadditive
characteristics
Tg Molecular
packing/
Molecular
stiﬀness
(< Tg)
Fragility
and
free
volume
Schematics
Moderate
attraction
RNP< Rg
↑ ↓ ↑ Figure
2.18a
PS-C60 (this work)
Moderate
repulsion
RNP< Rg
↓ ↑ ↓ Figure
2.18b
Extreme
attraction
RNP< Rg
↑ ↑ ↓ Figure
2.18c
Extreme
repulsion
RNP< Rg
↓ ↓ ↑ Figure
2.18d
Moderate
/extreme
attraction
RNP Rg
slightly ↑ unchanged unchanged Figure
2.19c
Moderate
/extreme
repulsion
RNP Rg
slightly ↓ unchanged unchanged -
Table 2.3.: Results summary and overview. Tg reﬂects the overall chain dynamics;
higher Tg corresponds to slower chain dynamics as a result of attractive
polymer-nanoparticle interactions. In addition, polymer-nanoparticle inter-
action strength and interface are crucial in altering the bulk packing state.
The more disruptly packed glass (molecular packing indicated ↓ in table)
leads to a more fragile glass former with a higher fractional free volume. The
disordered packing in deep glassy state also provides the explanation for the
increased mean square displacement of hydrogen vibrations and lower molecu-
lar stiﬀness. Finally, the changes of both Tg and fragility and their correlation
depends on a combination of factors including the bulk packing property of
the PNC glass; the polymer-nanoparticle interaction strength and also the
size of the nanoparticle, as summarised in this table.
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3.1. Introduction
The phase behaviour of polymer-nanoparticle mixtures has gathered considerable re-
search interest because of its dictating inﬂuence over nanocomposite performance and
growing engineering applications. Polymer nanocomposites (PNCs) generally exhibit
superior properties compared to neat polymer due to the beneﬁts associated with the
nanoscale additives. This includes improved mechanical8588 properties; tuneable glass
formation and transport properties including viscosity27,80,81 and permeability for mem-
brane applications61 and advantageous optoelectronic properties for organic photovoltaic
devices89 in thin ﬁlm geometry (thin ﬁlms to be discussed in Chapter 4). Despite the
recent advances, the vast potential of PNCs has yet to be realised mainly because of
the following reasons: controlled nanoparticle organisation (dispersion or controlled self
assembly) has proven to be a challenging task, and, most importantly, the dispersion-
property relationship is still unresolved for optimum nanocomposite performance.
The spatial organisation of nanoparticle is governed by a combined eﬀect of (i) the
enthalpic interactions between polymer-nanoparticle and nanoparticle-nanoparticle (van
der Walls dispersion forces); (ii) entropy gain of the whole polymer-nanoparticle system
which is related to the relative size and geometry of the polymer and nanoparticle. There
is substantial conformational entropy loss for the polymer chain when accommodating
the nanoparticle due to the polymer chain needing to stretch around the nanoparticle
obstacles. This results in an entropic depletion attraction force9092 which may expel
(large) nanoparticles from the polymer host chain, towards each other or to speciﬁc
interfaces/ cracks,85 thereby yielding a gain in overall entropy of the polymer matrix.
With the understanding of the controlling factors of nanoparticle spatial distribution,
researchers continue to seek for general design rules that can ultimately create and
tailor-make hierarchically ordered and multifunctional nanocomposite materials. The
enthalpic polymer-nanoparticle and nanoparticle-nanoparticle interactions can be tai-
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Figure 3.1.: Morphology map of PS-grafted silica nanocomposites obtained via (a) sim-
ulations and (b) transmission electron microscopy; depicting the correlation
between the grafting density and the relative chain length between the graft-
ing polymer and the polymer host.87
lored by changing the surface chemistry of the nanoparticles and consequently improv-
ing their compatibility with the polymer matrix. Nanoparticle surface functionalisation
can be done by physically adsorbing or covalently attaching (grafting) small-molecule
ligands or polymer oligomers onto the nanoparticle.
The interplay between the grafting density and the relative chain length between the
grafting polymer and the polymer host can be manipulated to change bulk macroscopic
properties. The correlation between these parameters has been well established. By
varying grafted chain length and grafting density, Akcora et al.87,88 observed experimen-
tally and computationally the self assembly of spherical PS-grafted silica nanoparticles
in PS into highly anisotropic superstructures (spheres, sheets, strings) (see Figure 3.1).
Remarkably, the presence of diﬀerent assembled bodies are found to reinforce and tune
the material's mechanical properties. These extended structures behave diﬀerently un-
der applied shear in comparison to sample with good dispersion, suggesting that it is
in fact geometrical particle association that facilitates mechanical reinforcement. In a
separate study,25 the chain dynamics (Tg) of grafted gold nanoparticle in low Mw PS
matrix is enhanced (4Tg = -10◦C) or restricted (4Tg = + 10◦C) for PS grafting chain
length smaller or larger than the host PS matrix, respectively. The magnitude of the Tg
changes diminishes once nanoparticle aggregation occurs above the miscibility threshold
or due to poor processing method such as solvent casting, reiterating the importance of
particle dispersion in polymer chain dynamics.
The size ratio between the nanoparticle radius (RNP ) and polymer radius of gyration
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Figure 3.2.: Poly (dimethyl siloxane) (PDMS) radius of gyration (Rg) with diﬀerent sizes
and concentrations of polysilicate ﬁller nanoparticles (a) Low concentration
of ﬁller nanoparticles with size < Rg (chain expansion, miscible system);
(b) High concentration of ﬁller nanoparticles with size < Rg (chain collapse,
immiscible system); (c) Filler nanoparticle with size Rg (chain collapse, im-
miscible system). (Adapted from Nakatani et al.93)
(Rg) is one of the important criteria in controlling nanoparticle dispersion from an en-
tropic point of view. Many experimental results31,81 indicate that dispersion is promoted
when RNP /Rg is < 1 as shown clearly in the phase diagram proposed in Figure 3.3 based
on small angle neutron scattering (SANS). For example, polyethylene-polystyrene (a clas-
sical phase separating binary blend) can be made miscible if nanoparticulate polyethylene
dendrites (RNP ≈ 10 nm) instead of linear polyethylene are blended in linear PS (Rg
≈17.4 nm), further highlighting the importance of ﬁller architecture (linear vs dendritic).
Furthermore, the polymer Rg itself was also found to be depending on RNP and
the nanoparticle concentration. An increase in Rg of poly (dimethyl siloxane) (PDMS)
containing polysilicate nanoﬁllers was ﬁrst observed by Nakatani et al.93 using SANS
provided that RNP /Rg < 1. (see Figure 3.2a). In contrast, the PDMS chain contracts if
the ﬁller size is comparable or greater than original polymer chain (see Figure 3.2c). Sim-
ilar chain collapse is also observed once a critical nanoparticle concentration is reached
even when RNP /Rg < 1 (Figure 3.2b). This result is further conﬁrmed by recent stud-
ies31,94 using an athermal PS-PS nanoparticle mixture, although Rg is also found to be
unchanged in some cases.95 The nanoparticle induced changes in Rg could be speciﬁc to
certain systems and the associated nanoparticle dispersion.
The viscosity of highly entangled polystyrene blended with well dispersed enthalpically
matched PS nanoparticles27,81 or favourably interacting C60 was reported to exhibit a
non-Einstein decrease by a factor of 2 - 5,80 when RNP /Rg is < 1. This is in contrast
with the Einstein-predicted viscosity increase for macroscopic ﬁllers or when nanoparticle
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Figure 3.3.: Phase diagram for various nanoparticles-polymer systems (all 2 wt%
nanoparticle concentration) that are determined by small angle neutron
scattering (SANS). The PS-C60 system is represented by . ◦ represents
PS nanoparticles-linear PS system. ⊗ denotes nanoparticle agglomeration
without phase separation (non-fractal scattering) while • mean fractal-like
aggregation occurs. N represents polyethylene (PE)-PS system.31
agglomeration is apparent (via solvent evaporation method). A related X-ray photon
correlation spectroscopy study also revealed that nanoscale cadmium selenide quantum
dots can diﬀuse up to 200 times faster than predicted by the Stokes-Einstein relation,
thus explaining the non-Einstein viscosity reduction observation above.
In the last chapter, we have established that the chain dynamics and glass formation
properties of bulk PS can be aﬀected by C60 fullerenes but the changes depend critically
on the state of C60 dispersion. Since the outer diameter of C60 fullerenes is approxi-
mately 1 nm and the Rg of our choice of PS (270 kg/mol) is about 14 times larger, our
system should be well into the miscible region according to the proposed phase diagram
in Figure 3.3. However, nanoparticle phase separation can still occur unless the PNCs
are being processed with an adequate processing strategy, even though their miscibility
is thermodynamically feasible. For instance, PNC sample prepared via solvent evapora-
tion method results in the formation of micron size aggregates while good dispersion is
observed following a rapid precipitation method (adopted in this thesis).
Essential to meeting this challenge is establishing guidelines for process optimisa-
tion, discovering assembly mechanisms that yield a desired structure, and understanding
structure-property relationships to predict the performance of a given architecture, ac-
cording to a recent PNCs topical review.92 In this chapter, we investigate the phase
behaviour of the bulk PS-C60 PNCs, We particularly seek to optimise guidelines and
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conditions to promote miscibility and to provide new structure-performance insights of
polymer-fullerene nanocomposites from the chain dynamics and glass formation proper-
ties points of view.
3.2. Materials and experimental techniques
3.2.1. Small angle neutron scattering (SANS)
Introduction to neutron scattering
Scattering experiment
Scattering experiments probe spatial (structural) and temporal (dynamics) correlations
between the scatterers (molecules and atoms) in reciprocal space. The changes in energy
and momentum changes (q) can be calculated from the incident and scattered vectors
(k). At small scattering angle, scattering is predominantly elastic as energy loss due
to scattering is negligible. The change of momentum transfer, q, can yield structural
information. This is in contrast with inelastic scattering at higher scattering angle where
changes in both energy and momentum are important and can reveal the dynamical
correlations between the constituents of matter. Figure 3.4 shows a schematic of a small-
angle scattering experiment and the corresponding vector diagram. Basically, the incident
beam interacts with the matter and subsequently interfere with each other according to
the spatial and/or compositional arrangement of the scattering units. This give rises to
the scattering function which is essentially the Fourier transform of the pair distribution
function (spatial arrangement) of the scattering centres. Of course, the interference
between the scattered waves can only happen if the spatial distribution of the scatterers
commensurate with the wavelength of the incident beam which can be visible light, X-
rays and neutrons. Neutrons have small wavelengths (3Å- 30Å) that are comparable
to most condensed matter atomic structures; and a unique contrast which depends on
speciﬁc neutron-nuclei interactions and hence are widely used in soft matter research.
They have an associated wave vector k, energy E and wavelength λ and hence can be
transmitted, scattered or absorbed when interacting with a sample. For scattering at
small angle, E0=Ef , the wave vector k and hence momentum transfer q can be described
by the following equations:
ki = kf =
2pi
λ
(3.1)
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Figure 3.4.: Schematic representation of a small angle scattering experiment and the
corresponding vector diagram. ki, kf and E0, Ef are the wavevector and
energy of the incident and scattered neutrons, respectively.
q = kf − ki = 4pi
λ
sin
(
θ
2
)
(3.2)
By substituting Equation 3.2 into the Bragg law of diﬀraction, λ = 2d sin(θ/2), one
obtains the relationship between q and the sample characteristic dimension in real space,
d. The typical d probed by small angle neutron scattering (SANS) usually ranges from
0.5 to 1000 nm.96
Contrast
Suﬃcient contrast between the scatterer and its surrounding is needed for any scattering
experiments. For scattering experiments involving light, X-rays and neutrons, contrast
between the scatterer and the surrounding medium arises from the diﬀerences in refrac-
tive index, in the electron density and in neutron scattering length (b), respectively. The
neutron scattering length is a measure of the neutron-nuclei interaction. The probability
of incident neutrons being scattered at a solid angle ∂Ω is the diﬀerential scattering cross
section (∂σ/∂Ω)(q)(cm2). The total scattering cross-section (σ) can be related to b by
σ = 4pib2 which is the sum of the coherent and incoherent cross-sections σ = σcoh +σinc.
Structural information of a material can be obtained only from coherent neutron scatter-
58
3. Nanoparticle aggregation: relation to bulk PNCs properties
Nuclei
Coherent scattering
length b× 10−13(cm)
Coherent cross
sections
σcoh(barn, 10−28 m2)
Incoherent cross
sections
σinc(barn, 10−28 m2)
1H -3.739 1.7568 79.9
2D 6.671 5.592 2.04
12C 6.646 5.551 0
14Si 4.149 2.2 0
16O 5.803 4.232 0
14V -0.3824 0.0184 5.187
Table 3.1.: Coherent neutron scattering length (bcoh), and the corresponding coherent
(σcoh) and incoherent (σinc) neutron cross sections of selected nuclei.
ing which arises from the well-deﬁned phase correlation between scattered neutrons from
diﬀerent nuclei in the sample. In contrast, incoherent neutron scattering corresponds
to random scattering from a single nuclei with time and hence only yields dynamical
information. Neutron scattering at small angle extracts structural information and is
dominated by coherent scattering while any incoherent scattering only forms a back-
ground which has to be subtracted. The coherent neutron scattering lengths and the
resulting cross sections of some frequently used nuclei are given in Table 3.1. From
the table, bcoh varies randomly across the periodic table and even between isotopes of
hydrogen and deuterium which is in fact one of the largest diﬀerences in bcoh. There-
fore, selective deuterium labeling of polymer molecules is a common practice to vary or
maximise the contrast of polymers for neutron scattering studies.97
One can ﬁnd the diﬀerential scattering cross-section to be described as (∂Σ/∂Ω)(q)
(cm−1), also known as macroscopic diﬀerential scattering cross-section which can be
related to the microscopic diﬀerential scattering cross-section (∂σ/∂Ω)(q) (cm2) in the
following manner:
∂Σ
∂Ω
(q) = n
∂σ
∂Ω
(q) =
N
VT
∂σ
∂Ω
(q) =
1
V
∂σ
∂Ω
(q) (3.3)
where n=N/VT=1/V is the number density (number/cm3) of scattering centres and
N is the number of scattering centre; VT (cm3) is the total illuminated volume of
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the scattering centres and lastly V (cm3) depicts the volume of one scattering centre.
(∂Σ/∂Ω)(q)(cm−1) is the dependent variable measured in SANS experiment as a function
of momentum transfer q which contains structural information about the sample. On the
contrary to general misconception, (∂Σ/∂Ω)(q) is not the intensity of the measurement,
rather, it is obtained after subjecting the measured raw scattering intensity to a standard
reduction procedure. Next, (∂Σ/∂Ω)(q) can be related to the scattering function S(q)
(cm3/mol) by the following expressions:
∂Σ
∂Ω
(q) =
(bv)
2
NA
S(q) (3.4)
bv = NA(
b1
ν1
− b2
ν2
) = (
b1ρ1
m1
− b2ρ2
m2
)NA (3.5)
where bv (cm−2) is the contrast factor per unit volume; bi (cm) is the scattering unit's
(polymer monomer unit) coherent scattering length; ρ (g/cm3) is the bulk density; mi
(g/mol) is the molecular weight; vi (cm3/mol) is the molar volume and NA (mol−1) is
the Avogadro number.
The scattering function S(q) (cm3/mol) comprises a form factor P (q) and an inter-
molecular structure factor Q(q) which is deﬁned in Equation 3.6 in which P (q)and Q(q)
are normalised as follows: P (q → 0) = 1, P (q → ∞) = 0, Q(q → 0) = 0, Q(q → ∞) =
1.
S(q) = NAnV
2P (q)Q(q) (3.6)
Inserting Equation (3.3) and Equation (3.6) into Equation (3.4) then yields:
∂Σ
∂Ω
(q) = nV 2(bv)
2P (q)Q(q) (3.7)
Form factor P (q) is a dimensionless function that describes how the scattering is mod-
ulated by the interference of neutrons between the diﬀerent parts of the same scatter-
ing body, giving shape and size information of a scattering unit. The intermolecular
structure factor Q(q) is another dimensionless function that describes how scattering is
modulated by the interference of the neutrons by diﬀerent scattering centres in a sam-
ple, yielding any structural and interaction correlations between the scattering units. In
short, (∂Σ/∂Ω)(q)(cm−1) is a function of the contrast factor of the scattering species
with the surrounding matrix (bv)2, mass and concentration of scattering centres and the
convolution of shape information of the individual scattering object P (q) and spatial
arrangement of the scattering objects Q(q). SANS is therefore a powerful tool to study
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Figure 3.5.: Computed form factor P (q) of spheres with various radius. The schematic
depicts the monodisperse spheres.
the structural aspects of matter at molecular length scales.
SANS scattering regime
Small q corresponds to large length scales in real space. As an analogy, the low q region
of the scattering pattern corresponds to looking at a sample using low power magnifying
glass. At low q regime, we look at the sample over larger ﬁeld in real space and
hence P (q) ≈ 1 which results in S(q) ≈ constant × Q(q) i.e. information about the
spatial distribution of all the constituent matter within the sample can be obtained.
On the contrary, at high q, we see the individual structure i.e. Q(q) ≈ 1 and hence
the scattering function is dominated by form factor P (q) which yields size, shape and
orientation information of an individual particle, hence S(q) ≈ constant × P (q). For
example, the form factor of monodisperse spheres follows P (q) =
[
3(sin(qr)−qR cos(qr))
(qr)3
]2
.
Figure 3.5 depicts the simulated form factor of nanoparticles with narrow size distribution
which is oscillatory with a q−4 Porod dependence. The mean size, width and surface
to volume ratio can be accurately determined from these oscillations. However, these
methods are challenging in most cases when the size distribution is polydisperse and
when the instrument resolution is coarse, causing the oscillations to diminish. Further,
if the spheres are interacting and the inter-particle distance is commensurate with the
size, the scattering function S(q) is now a convolution of both P (q) and Q(q) due to the
inﬂuence of interparticle correlations.
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Scattering from fractals
Fractals are disordered objects whose geometric shape does not change when observed at
any scale of magniﬁcation, a property known as statistical self-similarity.98,99 Numerous
soft matter systems such as linear or branched polymers, colloids and nanoparticle aggre-
gates exhibit fractal behaviour. Fractal studies and analysis can be done in real space via
detailed analysis of (electron or atomic force) microscopy images but are often limited by
image overlapping of 3-dimensional structures, lack of contrast, and non-representative lo-
cal sampling. Small angle scattering, on the other hand measures the spatial correlations
in a mesoscopic range, typically from 1-100 nm and hence are powerful complementary
tool that gives fractal structural information in reciprocal space. Because of the existence
of self similarity structures in wide range of lengthscales, the scattering intensity I(q) of
fractal objects scales with the scattering vector q via a power-law function:
I(q) = q−Df (3.8)
where Df is called fractal or Hausdorﬀ dimension which can be extracted as the negative
slope of the scattering data plotted in log-log scale. Each fractal dimension corresponds
to a speciﬁc fractal geometry which are brieﬂy summarised in Table 3.2.
Several growth mechanisms that lead to fractal objects have been proposed based on
numerous computer simulations. Witten and Sandler100,101 ﬁrst proposed the diﬀusion
limited aggregation (DLA) growth model which involves an immobilised growth site and
one diﬀusing particle which randomly walks from a distant lattice point until it col-
lides with the stationary growth site. The repetition of this process generates remarkably
self-similar fractal structures with a certain cluster size distribution. DLA is a fast aggre-
gation process which is only limited by the diﬀusion time of the particle and the resulting
Df of the structure in two and three dimension are ∼1.7100 and ∼ 2.39 ,102 respectively.
Another model of fractal formation involves multiple aggregations of relatively monodis-
perse particles. This so-called cluster-cluster (DLCA) aggregation, proposed by Jullien
and co-workers and Meakin103,104 diﬀers from the small - large cluster growth proposed
by DLA. Instead, two particles next to each other aggregate and continue to diﬀuse,
becoming cluster sites themselves to form larger fractal structures, with Df ∼1.38 in two
dimension104 and 1.8-2.05 in three dimension.105
There are generally 3 power-law regimes in typical scattering data from fractals as
shown in Figure 3.6. At low q, the forward scattering intensity is attributed to scattering
from the fractal agglomerates which gives a relatively high power-law exponent (D1).
Scattering from the surface of the individual particle happens in the high q regime, also
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Figure 3.6.: Typical scattering pattern from fractal system, depicting the distinct power
law regimes (See text). Schematic shows the characteristic size of the fractal
structure (1/Qc) and individual primary cluster unit size (1/qc).
known as the Porod power law regime where q dependence of ≈-4 (D2) is observed. In
between these two boundaries, at the intermediate q range, lies the fractal regime which
has a smaller Df that describes the type of fractal formation. The individual primary
cluster unit size is inversely proportional to the qc value (1/qc), the crossover point from
the fractal regime to Porod regime at high q whereas another crossover value Qc indicates
departure from fractal regime to agglomerate regime at low q regime, corresponding to
the size of an agglomerate, as illustrated schematically in the inset of Figure 3.6. Note
that even though an overall power exponent of -4 is observed at the Porod high q region,
no oscillations are observed, as expected for polydisperse fractal systems.
Instrumentation
The geometry of SANS follows a number of approximations, such as sin θ ∼ θ and
tan θ ∼ θ when θ is small. Hence, q = 4piλ sin
(
θ
2
) ≈ 2piλ ( rDSD). From this equation
and from Figure 3.7, we can see that the q range of the measurement depends on two
parameters: sample-detector distance (DSD) and wavelength λ which explains there are
two types of SANS diﬀractometers: ﬁxed-wavelength and ﬁxed-geometry instruments.
The former type of instrument is normally found in nuclear sources in which its q range
depends on DSD. Increasing DSD can decrease qmin but so does the count rate. To
protect the detector from intense direct beam, a beamstop, normally made of neutron-
absorbing material such as cadmium is placed at the centre of the detector. This has to be
taken into account in determining qmin as it is typically not possible to measure 5 cm from
the centre of the detector. On the other hand, ﬁxed-geometry instruments are available
at spallation pulsed source which use neutrons with broad range of wavelengths. The
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Geometry Fractal dimension (Df )
Rigid rod 1
Linear Gaussian chain 2
Chain with excluded volume 5/3
Gaussian chain randomly branched 16/7
Swollen branched chain 2
2D objects with smooth surfaces 2
Mass/ volume fractals 1 to 3
Weakly segregated 3D networks 2.5
3D dense objects with smooth surfaces 4
3D dense objects with fractal (rough) surfaces 3 to 4
Table 3.2.: Fractal dimension (Df ) of diﬀerent geometries.96,97
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Figure 3.7.: Schematic showing the scattering angle (θ) for an area detector with radial
distance of r and DSD distance away from the sample.
polychromatic wavelength range is scattered at a ﬁxed angle and reach the detector at
diﬀerent times and hence giving diﬀerent q values of the overall scattering pattern (time-
of-ﬂight). As a result, the q range can be doubled or trebled although the measurement
statistics could vary depending on the λ distribution. In addition, there is the frame-
overlap problem. During the ﬂight path, the fast neutrons in pulse can catch up with
the slow neutrons of the previous pulse, i.e. the pulse is spreading. In order to alleviate
this problem, DSD of ﬁxed-geometry instruments is typically limited to small distances
or, alternatively, the frequency of the pulse is decreased using a phase chopper.
LOQ
SANS experiments were carried out at LOQ ﬁxed-geometry SANS diﬀractometer at ISIS
spallation pulsed source of the Rutherford Appleton Laboratory, Oxfordshire. At ISIS,
protons are accelerated in a synchrotron and are subsequently collided with a heavy
metal (tantalum) target which produce a polychromatic neutron incident beam. LOQ
generally operates at a repetition rate of 25Hz, half to that of ISIS synchrotron and has a
wavelength range of 2.2Å-10Å; a 3He ionisation detector is placed 4 m from the sample,
yielding a wide but ﬁxed q range of 0.009 Å−1 < q < 0.249Å−1.
PAXE
Another set of experiments was conducted at PAXE ﬁxed-wavelength diﬀractometer
located at the 14 MW reactor Orphee at Laboratoire Leon Brillouin, Saclay, France.
Unlike LOQ, PAXE oﬀers a more ﬂexible conﬁguration choice, namely DSD and λ. The
neutron wavelength was conﬁgured to 15 Å by selecting the monochromator, which is
essentially a drum rotating at high speed (6000 rpm). Typical wavelengths can be selected
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from the range of 3 < λ < 25 Å. The 2D BF3 detector is an array of 64 × 64 cells with
each cell 1 cm2. It is placed inside a vacuum tube and is moveable along the tube. With
DSD = 5.11 m, a q range between 0.0033 Å
−1 and 0.048 Å−1 is obtained. Measurements
were done with the detector moved oﬀ-axis by a few degrees to achieve a larger dynamic
q range since our scattering is centrosymmetric.
Experimental cell
Due to short acquisition times, automated sample changers are usually used in most
SANS experiments to minimise the sample changing frequency. However, most of our
work involves real-time kinetics experiments which require special experimental setup
that involves: a) two sample environments, one kept below Tg of the polymer matrix
and another heated to very high temperatures (> 140◦C); b) a sample carrier which
transfers the sample between both sample environments. The conventional automated
sample changer provided by the facility is thus not suitable.
All our SANS experiments were hence conducted in a custom-built kinetic cell made
by Cabral,106 as shown in Figure 3.8. It consists of a (i) pre-heating block, (ii) an
experimental heating block with quartz windows, and (iv) a sample carrier which moves
the sample rapidly between the two blocks via a steel rod connected to a motor (iii).
The heating blocks and the sample holder are made of brass due to its excellent thermal
conductivity and mechanical properties. The heating blocks are placed on top of a
ceramic insulating block to minimise heat loss. Each of the heating block is heated with
eight cartridge heaters of 100W and the temperature read and controlled by two type
K thermocouples connected to two individual PID temperature controllers (CAL 9900).
The experimental heating block has a 14 mm-diameter opening at the center, facing the
incoming neutron beam and another 30 mm-diameter hole on the other end, following
a 45◦ path so that the scattered beam is not blocked. The holes are covered with pure
quartz discs, sealed onto the block edges with silicon glue. The 3.5 mm thin brass sample
carrier also has a 14 mm opening, the same as the quartz window at the experimental
block, and is able to transfer the samples between the two heating blocks within 3 s via
a motor controller.
PS-C60 nanocomposites were prepared via rapid precipitation as detailed in Chapter
2. Since the focus of the scattering experiment is on C60, hydrogeneous PS was used to
provide the best contrast relative to the C60 fullerenes (bcoh (12C) = 6.646×10−13 cm
and bcoh (1H) = −3.739×10−13 cm). In order to be able to ﬁt into the custom made
sample carrier, the PNCs sample were melt pressed (150◦C, 6 min) into disks of 12 mm
in diameter. Sample thickness of approximately 1 mm was chosen in order to ensure high
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Figure 3.8.: Custom made SANS kinetic cell 106. (a) front view of the cell with the
major component of the cell labelled (i) pre heating block; (ii) experimental
block; (iii) motor and (iv) sample holder with ring clamp and screws. (b)
experimental cell mounted onto the neutron beamline (PAXE, LLB). (c) PID
temperature controller and motor switch box (bottom left).
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neutron transmission (> 0.7) and suﬃcient neutron count; it was obtained by stacking
three individual disks of approximately 0.33 mm each and wrapped in aluminium foil
which is nearly transparent for neutrons. The ﬁlm thicknesses were measured using a
digital micrometer (Mitutoyo). Most of the experiments were conducted at PAXE (LLB,
France) and some on LOQ spectrometer (ISIS, UK) using the kinetic cell. The ﬁrst
part of the experiment, C60 aggregation was determined ex-situ. To do that, appropriate
thermal treatment was applied ex-situ to the PNCs (165◦C for 12 h in vacuum oven),
rapidly quenched with a large heat sink (a cooled metal block) followed by melt pressing to
the designated sample geometry and ﬁnally tested at room temperature. For comparison,
fresh/ unannealed samples were melt pressed and tested as well. For C60 aggregation
kinetics real-time study, melt pressed fresh nanocomposites were kept below Tg at the
pre-heating block, where the structure is frozen, and then rapidly transferred to the
experimental block (T > Tg) while the synchronised time-resolved SANS measurement
was triggered, with typical acquisition time resolution of 10 min for up to 2 h. Sample
transmissions were measured before and after the measurement to recalibrate the sample
thickness.
Data reduction
In this section, we discuss the procedure to reduce the measured raw scattering intensity
I(λ, q), i.e. the amount of neutrons detected on a small area of the detector per unit
time to ∂Σ/∂Ω(q)(cm−1) the macroscopic diﬀerential cross section. The raw scattering
intensity can be written as the following expression,
I(q) = I0∆ΩεAhTr
∂Σ
∂Ω
(q) (3.9)
where I0 is the incident ﬂux (neutrons per cm−2s−1); ∆Ω is the detector cell solid angle
(size of a detector pixel); ε is the detector eﬃciency; A and h denotes the beam area
and sample thickness, respectively and Tr is the neutron transmission which follows
Beer-Lambert law.
Normalisation and calibration
The ﬁrst three terms (I0,∆Ω, η) in Equation 3.9 depend on the instrument while the
latter three (A, h, Tr) are sample dependent. Firstly, raw SANS data reduction usually
comprises: a) normalisation of the raw spectra, taking into account of the instrument
related parameters (∆Ω and η) and subsequently b) calibration of the raw spectra to
absolute intensity (cm−1). Detectors in SANS spectrometers are normally made of array
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of cells and may each has diﬀerent eﬃciency. Therefore, an isotropic incoherent scatterer
(such as Vanadium or water) is used to normalise the raw spectra across the detector
cells. Vanadium is a very ﬂat scatterer and entirely incoherent but requires long acqui-
sition times. Water normalisation, on the other hand, is a quicker measurement but its
scattering is both temperature and wavelength dependent and thus not suitable in ﬁxed
geometry instruments at pulsed sources such as LOQ. The normalisation and calibration
procedures usually vary for various spectrometers. Many ﬁxed-wavelength instruments at
nuclear sources such as D11, D22 (ILL, France) use water for both their data normalisa-
tion and calibration; LOQ (ISIS, UK) uses a secondary standard, usually a homopolymer
and isotopic polymer blend with known Mw and the direct beam to calibrate the data;
while PAXE (LLB, France) uses a piece of plexi glass (PMMA) for spectra normalisation
and adopts a direct beam calibration technique.
The facility background and inherent electronic noise of the detector can be mea-
sured using a thin (2 mm) strong neutron absorber like cadmium (σabs (1.8Å) = 0.43
barn) although this measurement requires long measuring time to accumulate reasonable
counting statistics.
Transmission-thickness correction and background subtraction
Incident beam which is neither scattered nor absorbed will be transmitted through the
sample. The direct beam intensities with and without the sample are measured experi-
mentally and the ratio of both intensities is the sample transmission (Tr). The transmis-
sion data, together with the ﬁlm thickness are required during the calibration process to
absolute intensity (cm−1). In addition, using the transmission data, the accurate sample
thickness to be input to calibrate the data can be calculated using Beer-Lambert law:
Tr =
I
I0
= exp(−µh) (3.10)
where h is the sample thickness, I is the direct beam intensity measured with the sample
and µ (mm−1) is the attenuation factor which can be written as,
µ = NA
ρ
Mw
σ (3.11)
where NA is the Avogadro number, Mw is molecular weight and σ is the total scattering
cross section (σcoh+σinc+σabs). Figure 3.9a shows the transmission data (from LOQ) of
the empty cell, aluminium foil (h = 0.04mm), hydrogeneous PS (h = 1.12 mm) and PSh-4
wt % C60 (h = 1.11 mm). Aluminium scatters very little (Tr ≈ 1) and does not depend on
neutron wavelength while the transmission of hydrogeneous PS shows visible dependence
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Figure 3.9.: (a) Transmission data (LOQ) of the empty cell (quartz window) with alu-
minium foil (h = 0.04 mm); hydrogeneous PS (h = 1.12 mm) and PSh-4 wt
% C60 (h = 1.11 mm) (red line) (b) Transmission vs sample thickness calibra-
tion curves for experiments from LOQ (circles, 5Å) and PAXE spectrometer
(squares, 15Å). Solid circles denote the extrapolated LOQ transmission data
points at λ = 15 Å.
to neutron wavelength since σabs of hydrogen is greater than that of aluminium. The
comparable Tr(λ) of both neat PS and PNCs shows that there is no signiﬁcant eﬀect
on the neutron transmission with the presence of the C60. It is generally diﬃcult to
estimate the sample thickness during experiments involving high temperatures, hence,
the correct value can be estimated based on the Tr vs h calibration curve as described by
the Beer-Lambert law. However, the theoretical attenuation factor µ calculated based on
Equation 3.11 often fails to describe the experimental data due to the following reasons:
(a)λ dependence of hydrogen σabs; (b) inelastic scattering of hydrogeneous sample at high
q and (c) when the forward scattering is strong and thus no longer negligible compared to
the direct beam intensity. Nevertheless, the experimental transmission data points seem
to be self-consistent for experiments done in LOQ and PAXE and are well described by
a ﬁtted µ shown in Figure 3.9b. The apparent discrepancy between both sets of data
can be rationalised by the diﬀerent neutron wavelength of both chosen conﬁgurations.
Solid circles denote the extrapolated LOQ transmission data points at λ = 15Å. The
PAXE transmission points (squares) appear more scattered, but this is likely due to the
ﬂuctuating direct beam intensity and hence the slight deviations from the calibration
curve.
All the data treatment described above (normalisation, calibration and transmission-
thickness correction) were done using COLLETE analysis programme in LOQ and man-
ually in PAXE. The data now is in absolute units and can be radial averaged. For
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Figure 3.10.: PANalytical X'Pert Pro Multi Purpose Diﬀractometer. Inset shows the
sample holder.
centrosymmetric scattering experiments like ours, the data can be radial averaged be-
fore being normalised and calibrated. Finally, the (calibrated) incoherent background
was subtracted from the scattering cross section ∂Σ/∂Ω(q)(cm−1) manually, taking into
account of the volume fraction of the incoherent component.
3.2.2. Wide angle X-ray scattering (WAXS)
Wide angle X-ray scattering (WAXS) measurements were carried out using a PANalytical
XPert PRO diﬀractometer equipped with interchangeable incident beam optics, sample
stage and detector. The incident optics comprises a series of optical slits to control
the incident X-ray beam from a Cu anode source (λ = 1.54 Å). Nickel ﬁlter serves to
reduce the beam intensity to avoid detector saturation; 1/4 inch divergence slit and 1/2
inch anti-scatter slit and 10 mm ﬁxed mask are used to further control the beam size.
The sample stage is a rotating transmission spinner and the goniometer has a very high
angular precision of 0.0001◦ which is crucial in the resolution of step-scan measurements.
Lastly, the diﬀracted beam optics consist of a 5.5 mm anti-scatter slit and 0.04 radians
soller slit to collimate the diﬀracted beam before detection (X'Celerator detector).
Nanocomposite specimens in ﬁbre form were packed into a 1.6 cm-diameter and 3
mm-thick disk sample holder. Both fresh and ex-situ annealed (180◦C) PNC samples,
were studied to evaluate C60 agglomeration and ensuing crystallisation. The ﬁbrous
specimen shrinks upon thermal annealing, forming a compact tablet and care must be
taken in ensuring that the specimen is levelled with the sample holder to minimise shifts
in crystalline peak positions.
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Figure 3.11.: Tg of bulk PS and PNCs with (a) total sonication time (ts); (b) melt press
temperature (all 6 min) and (c) melt press time (175◦C). The lines serve as
guide to the eye.
In this chapter, we characterise the C60 dispersion of the bulk PNCs and relate it to
their properties discussed in Chapter 2. Nanocomposite processing is key for nanoﬁller
dispersion and is thus investigated in the ﬁrst part of this study (subsection 3.3.1), includ-
ing the eﬀect of ultra-sonication, microextrusion and melt pressing. The C60 dispersion
was investigated under various parameters to establish precise miscibility conditions of
the system (subsection 3.3.2). In addition, small angle neutron scattering and wide angle
X-ray scattering are adopted to elucidate the C60 association kinetics and mechanism in
bulk samples. Finally, the the changes in chain dynamics and the dynamic fragility of
bulk nanocomposites, after being subjected to controlled thermal annealing were studied
and rationalised in terms of C60 dispersion, adding insights to the structure-property
relationship. (Section 3.4).
3.3. Structure and dispersion of bulk PNCs
3.3.1. Inﬂuence of PNCs processing parameters
Previous reports suggest that sample preparation and processing can greatly aﬀect C60
dispersion in PS.31 We have therefore investigated the inﬂuence of processing conditions
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Figure 3.12.: Tg variation of extruded samples as a function of C60 weight fraction as
measured by DSC. Tg of non-extruded PNCs in ﬁbre form (as shown also in
Figure 2.14a) are included as reference to highlight the discrepancies caused
by the extrusion process (Micro twin-screw extruder (DSM)). Samples were
extruded at 150 rpm and 170◦C for a constant 15 min.
on the thermal properties speciﬁcally, Tg of the mixtures. Speciﬁcally, the eﬀect of ultra-
sonication during solution preparation and the eﬀect of post processing: melt pressing
and micro-extrusion (from ﬁbre form to solid ﬁlms) were explored.
The dependence of Tg with sonication time employed to disperse the fullerenes is stud-
ied for two representative concentrations, namely 0.5 wt % and 2 wt % C60. Somewhat
surprisingly, Tg does not change with sonication time within measurement uncertainty.
It was initially expected that Tg of the mixture could increase from that of bulk PS and
to reach a plateau with sonication time, as nanoparticles disperse. We conclude that
solubility of C60 in toluene is suﬃcient to facilitate the dispersion process and sonication
does not play a major role. Following an increase, the Tg increases slightly with soni-
cation time until it reaches a maximum 4Tg of 3.2◦C for 2 wt % at tS = 60 min. The
total sonication time tS comprises the sonication time of C60/toluene mixture (tS1) and
subsequently of the C60-PS/toluene mixture (tS2). Following this series of experiment,
we adopted a sample preparation protocol with sonication time of tS = 60 min, as already
indicated in subsection 2.2.1.
Figure 3.11 shows the eﬀect of melt pressing temperature (b) and time (c) on Tg . The
Tg of low content C60 composite (< 1 wt %) remain unchanged for the temperature range
investigated from 125 to 205◦C, at constant time of 6 min. In contrast, the Tg of mixtures
with higher C60 content 4 wt % and 10 wt % decreases with pressing temperature, after
≈ 155◦C, suggesting onset of C60 agglomeration. The annealing time does not appear
to inﬂuence the Tg of neat PS and PS-C60 0.4 wt %, as shown by the constancy of
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results obtained at 175◦C, up to 30 min. As expected, PS-C60 4 wt % drops after just
6 min at 175◦C and stays the same up to 30 min. There is minimal degradation of
the polymer matrix, as conﬁrmed by gel permeation chromatography (GPC) and by the
relatively unchanged Tg of the neat PS under these processing conditions (Figure 3.11b
and c). Optimum melt pressing conditions of 150◦C and 5 min are selected to obtain
homogeneous bulk ﬁlms of 100 to 200 µm thick.
Melt extrusion of the polymer was generally found to decrease the Tg of both neat
PS and the nanocomposite mixtures, with respect to the precipitated ﬁbre (unextruded)
counterpart. The Tg discrepancy caused by the extrusion process is demonstrated in
Figure 3.12 where Tg diﬀerence between extruded and non-extruded neat PS is much
smaller (4Tg≈1◦C), in comparison to PNCs (4Tg≈4◦C for 4 wt %). GPC analysis
reveals minimal change of Mw and hence little chain scission. We therefore suspect
that the high pressure and shear inside the extruder barrel could cause segregation of
fullerenes, inducing macroscopic heterogeneities in the sample and thus reducing the
eﬀective C60 concentration in the sample. This explanation is supported by the evidence
that the extruded samples occasionally show alternate darker and brighter colour along
the strand. Judging from the problems associated with extrusion, after drying, we pursue
to only post process the PNC samples via melt pressing.
3.3.2. Miscibility and dispersibility thresholds
Small angle neutron scattering was ﬁrst employed, ﬁrst at LOQ (ISIS, UK) to charac-
terise the C60 dispersion by analysing the presence of forward scattering in low q regime.
This technique is adopted instead of light scattering because the sample lacks optical
clarity for light scattering beyond 1.5 wt % C60 loading. As seen in Figure 3.13a and
b, upon annealing at ∼165◦C, the scattering intensity of PS-C60 4 wt % increases which
indicates C60 agglomeration, in contrast with PS-C60 1 wt % which remains unaltered
after annealing, with scattering intensity comparable to that of neat PS. Another set
of experiments, varying both C60 loading and annealing temperature was conducted at
PAXE (LLB, France) and representative results are shown in Figure 3.14. After anneal-
ing at 180◦C for a short period of time (14 min), the scattering of 1 wt % PNC sample
and neat PS is similar, indicating good C60 dispersion while excess forward scattering
can be observed for samples containing 2 wt % of C60. We do not think that these results
are restricted by lack of contrast in the sample, as a 2 wt % mixture exhibits forward
scattering of ∼1000 cm−1. With the knowledge of this miscibility concentration (φc), in
the second series of experiment, we study the eﬀect of annealing temperature on the dis-
persion of C60 at 2 wt %. Figure 3.14b demonstrates that annealing temperature plays
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an important role in governing the nanoparticle aggregation process and temperature
which indicates a sharp onset of scattering (i.e., large-scale cluster formation) is termed
the miscibility temperature. Both sets of experiments suggested φc of approximately
1.5±0.5 wt % and T ∗ of approximately 155±5◦C for φ >φc.
In order to shed light on the aggregation mechanism and corroborate our ﬁndings
above, we characterise the PNCs dispersion using wide angle X-ray scattering. Figure
3.15a shows that prior to annealing, fresh nanocomposites with 1 wt % C60 loading do
not exhibit C60 crystalline peaks, as expected for φ <φc. In addition, we also observe
that the C60 peaks is absent up to PNCs with > 5 wt % C60, despite these samples
exhibiting SANS forward scattering.
Upon thermal annealing at 180◦C, PS-1 wt % C60 does not display characteristic C60
crystalline peaks within the annealing time scales of 6 h (Figure 3.15b), while PS-5 wt
% C60 shows clear fullerene crystalline peaks at q = 0.77, 1.26 and 1.48Å
−1 within a few
(2 to 5) min of annealing (see Figure 3.15c).
We refer this onset concentration (5 wt %) as the dispersibility limit (φD) which is
diﬀerent compared to the miscibility concentration (φc). It is possible to disperse PNCs
higher loading than with φc of 1.5±0.5 wt %, up to φD∼5 wt % but mixtures at this
loading tend to demix more upon annealing. The Tg of fresh PNC samples corroborate
these results, showing a maximum in Tg at approximately 4-5 wt % C60 loading, showing
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that fullerenes are still mostly dispersed in the matrix at φD.
3.3.3. Nanoparticle aggregation kinetics in bulk
The C60 aggregation kinetics was also studied using SANS intensity as the bearing of
nanoparticle aggregation. The time dependence of the scattering intensity of a PS-2 wt
% C60 composite annealed at 180◦C as a function of wavenumber q is shown in Figure
3.16a. This representation is a temporal cross section of the 2 wt % specimen in Figure
3.14a. The intensity rises rapidly with time and, in the q range examined, the growth
kinetics can be approximated to an asymptotic relation where I0 = I(t = 0) and I∞ =
I(t  ∞ ) are the scattering intensity before and after the annealing period; K(q) (s−1)
is the growth rate:
I(q, t) = I0 + (I∞ − I0)(1− exp−K(q)t) (3.12)
K(q) varies slowly with q across the wavenumber range studied, with at most 30%
changes from the highest and lowest q, as shown in Figure 3.16a. A low q value of
0.0033Å−1 is selected for the subsequent kinetic comparison of concentration and tem-
perature dependence. Figure 3.16b plots the time dependence of the scattering intensity
from PNCs with diﬀerent C60 concentration annealed at 180◦C. As expected, scattering
intensity of 1 wt % sample shows weak time dependence as it is below φc. Above φc,
at constant annealing temperature of 180◦C the C60 growth at 4 wt % loading is faster
relative to 2 wt %, as evidenced by the slight increase in growth rate (K ≈ 0.07 s−1
(4%); K ≈ 0.06 s−1(2%)) and shorter annealing time (20 min from 50 min) to reach
the plateau value. The scattering intensities for 8 and 10 wt % appear not to change
with time, as shown in Figure 3.16b. This could suggest either of the following: (a) the
specimens were agglomerated at the outset and the saturation state was reached even
before annealing, (b) the agglomerates are already large and fall outside of the SANS q
range, and (c) the growth kinetics is very fast and agglomeration saturation state has
already been reached at the ﬁrst kinetics time point (14 min). Based on the trend set
by 2 wt % and 4 wt % samples, the growth kinetics seem to increase with increasing
nanoparticle loading, thus favouring the last hypothesis.
At 2 wt %, which is the upper limit of φc, the kinetics of the C60 aggregation was
also investigated as a function of annealing temperature (Figure 3.16c). The time evo-
lution of the scattering intensity for each annealing temperature is well described with
an asymptotic relation. Each annealing temperature has its own plateau value, which
would imply that not only the clustering kinetics but also the asymptotic morphology
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Figure 3.16.: (a) Growth kinetics of C60 aggregates in bulk sample containing 2 wt %
of C60 under in-situ thermal annealing at 180◦C, expressed in terms of
diﬀerent q values. The q value that we adopt in subsequent kinetics study
(b and c) is 0.0033Å−1. Bulk C60 aggregation kinetics as a function of (b)
C60 mass concentration under isothermal annealing at T = 180◦C and (c)
annealing temperature for sample containing 2 wt % of C60. Inset in (c)
shows the VFT temperature dependence of the rate constant K. Red solid
lines are best ﬁts according to Equation 3.12 while red dash lines in (b) are
linear guide-to-the-eye. (PAXE, LLB)
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depends on temperature.
The growth constant K for each annealing temperature is obtained from the ﬁt and
plotted against inverse temperature, as shown in the inset of Figure 3.16c. The growth
constant is predictably decreasing with decreasing annealing temperature and can be ap-
proximated by a VFT temperature dependence, suggesting that nanoparticle aggregation
is governed by the polymer viscosity following Stokes-Einstein relation Dc = kBT/6pirη.
A recent studies has shown that oleic acid stabilised cadmium selenide nanoparticles have
drastically reduced friction drag, due to their size being smaller than the entanglement
size of the polymer, thus causing them to diﬀuse 200 times faster79 than predicted by
Stokes-Einstein relation. At ﬁrst glance, our results appear to be in direct contrast with
this observation but it should be noted that 2 wt % C60 loading exceeds the miscibility
threshold and will form large scale aggregates upon thermal annealing, thus losing the
fast diﬀusion behaviour expected for nanoparticles. Tuteja et al. adopted oleic acid
stabilised cadmium selenide quantum dots whose dispersion in PS matrix is well charac-
terised using transmission electron microscopy (TEM) even at 8 vol % loading.
3.3.4. Fractal analysis
In the last subsection, we have estimated the dispersibility and miscibility threshold of
bulk PS−C60 nanocomposites based on WAXS and SANS experiments, following simple
methodologies of the emergence of forward scattering in SANS and C60 crystalline peaks
in WAXS. In addition, useful information can also be extracted from the fractal scatter-
ing in low q regime which could further enhance our understanding on their miscibility.
The signature of fractal scattering is the distinct power law scattering which is indicative
of phase separated aggregates that spans many lengthscales. We ﬁrst obtain fractal ex-
ponents (Df ) and crossover lengthscales (Qc, qc) for nanocomposites with representative
fullerene concentration, annealing temperatures and times.
Upon the subtraction of the incoherent background and normalisation by the mass
of the PS alone, the coherent scattering from bulk nanocomposites with C60 loading
exceeding 2 wt % is well described by a power law, with exponents Df of approximately
2.4 (see Table 3.3). Samples with lower C60 loading do not yield a reasonable estimate
of Df but are included for comparison purposes. Results are shown in Figure 3.17 with
various thermal treatments. The unannealed PS-4 wt % composite (Figure 3.17a) has
the highest Qc (smallest fractal size) but the qc and Df value could not be located due to
the poor statistics at high q value. Upon 12 h annealing (Figure 3.17b) at 165◦C, both
4 wt % and 10 wt % specimens now show a distinct qc within the measured q window.
The latter shows lower Qc and qc crossover points, as expected for larger structures and
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Figure 3.17.: Selected log-log plots of SANS spectra of bulk PS-C60 nanocomposites and
fractal analysis. (a) PS-4 wt % C60 composite before annealing and (b) PS
containing 1-10 wt % annealed ex-situ at 165±5◦C for 12 h, measured at
LOQ. PS with 1-10 wt % C60 annealed in-situ at 180◦C measured after (c)
14 min and (d) longer times except for 1wt % (see label) (PAXE, LLB).
Red solid lines are ﬁts to a power-law equation, giving the mass fractal ex-
ponent Df ; arrows indicate crossover points Qc and qc. The exponents and
the crossover points Qc and qc are tabulated in Table 3.3. Neat PSh inco-
herent background was subtracted from each spectra and is also included
as reference (grey diamonds).
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Sample
low q
exponent
D1
mass
fractal
exponent
Df
high q
exponent
D2
Qc
(Å−1)
qc
(Å−1)
PS-4%
unannealed
3.66 - - 0.03 O/R
PS-4% annealed
(165±5◦C, 12 h) 3.39 2.36 - 0.018 0.053
PS-10% annealed
(165±5◦C, 12 h) 3.42 2.25 3.21 0.016 0.049
PS-4% annealed
(180◦C, 14 min) 4.09 2.43 - 0.014 O/R
PS-8% annealed
(180◦C, 14 min) 3.59 2.21 - 0.014 O/R
PS-10% annealed
(180◦C, 14 min) 3.69 2.04 - 0.013 O/R
PS-2% annealed
(180◦C, 124 min) 4.06 2.53 - 0.011 O/R
PS-4% annealed
(180◦C, 104 min) 3.73 2.31 - 0.012 O/R
PS-8% annealed
(180◦C, 54 min) 3.48 2.35 - 0.012 O/R
PS-10% annealed
(180◦C, 114 min) 3.44 2.4 3.34 0.01 0.021
Table 3.3.: Exponents from power law ﬁts and crossover points of SANS data shown in
Figure 3.17. O/R: out of SANS q window range. PAXE q range: 0.0033 Å−1
< q < 0.048 Å−1.
primary aggregate unit.
Separately, we consider the eﬀect of higher temperature annealing (180◦C) on PS-10%
C60 composites: Figure 3.17c and d correspond to annealing times of 14 min and 114
min at 180◦C. With increasing annealing time, the structure factor shifts towards low
q (larger d), corresponding to a reduction in Qc and the emergence of a qc within the
observed window only for 10 wt % sample (from small fractal to large fractal scattering).
The qc value for lower concentrations is not observed perhaps due to: (a) being out of the
range of the q window of our conﬁgurations in PAXE; (b) poor statistics at high q value;
qc values range from 0.045 to 0.06Å
−1 have been observed through small angle X-ray
scattering which has slightly wider dynamic range in q (data not shown). The Qc and
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qc values in (d) are still lower those on (b) indicating that the extent of agglomeration is
greater after just 2 h at 180◦C than 12 h at 165◦C.
The summary of qc, Qc and Df are presented in Table 3.3. The primary cluster unit
size (1/qc) is estimated from the high q fractal cutoﬀ qc as ranging from 1.8 - 4.8 nm
(commensurate with C60 size of 1 nm). The large fractal sizes estimated from 1/Qc are
of the order of 10 nm. However, agglomerates of the sizes of up to 250 nm have been
observed by TEM on bulk PS-C60 nanocomposites of Tuteja et al.,80 prepared in a similar
manner to ours although with an extra annealing step at 170◦C for 24 h, suggesting a
polydisperse particle size distribution. Such dimensions are clearly outside the spatial
range of our SANS study. Future work should cover such large range of lengthscales by
USANS and USAXS and size distribution analysis accessible based on relevant ﬁtting
models. Small-angle light scattering is unfeasible due to low light transmission above 1.5
wt % C60.
The obtained fractal dimensions Df agree well with that expected for 3D mass fractal
aggregates. The fractal dimensions from 2.04 to 2.53 means that their growth mechanisms
could follow the DLA growth model (Df (3D) ∼ 2.39±0.18).102 This could translate to:
(a) highly polydisperse particle size distribution at high C60 loading and (b) branching
of the mass-fractal aggregates.107 The lower Df of 2.04 for the 10 wt % sample in the
early stage of annealing could suggest that cluster sizes are less polydisperse.
3.3.5. Summary of PS-C60 miscibility
We now present a concentration-temperature morphology phase diagram for the PS-C60
system (Figure 3.18). At φ < φc (red dotted line in 3.18)(φc∼1.5±0.5 wt %), the absence
of forward scattering in SANS indicates the lack of correlation between C60 nanoparticles
due to their good dispersion which does not change with annealing temperature until >
∼185◦C beyond which SANS forward scattering is observed (see Figure 3.17d, suggesting
the onset of sparse aggregation.
The form factor P (q) of an individual C60 would only become apparent above q ≈ 0.1
Å−1 (via 1/10Å) (see Figure 3.5), at the edge of the SANS q range where the incoherent
background is dominant. Below 0.1 Å−1, the interparticle structure factor Q(q) which
describes the particle spatial arrangement (aggregation) dominates. It is very diﬃcult to
separate the contribution from (a) the amount (b) size (P (q)) and (c) the interparticle
correlation (Q(q)) of the C60 in the system in the scattering measurement.
As the nanoparticle loading increases (> φc), both the size (distribution) and amount
of C60 increase and the observed SANS forward scattering is hence a convolution of all
factors (a), (b) and (c). The temperature dependence of C60 dispersion for a moderate C60
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Figure 3.18.: Concentration-temperature morphology phase diagram of PS(270k)-C60
nanocomposites after extensive annealing. The absence of SANS forward
scattering: indicates good C60 dispersion. SANS forward scattering: dis-
persed C60 some aggregates. SANS small fractal scattering: presence of
small fractal aggregates. SANS large fractal scattering: mainly large scale
aggregates.
loading (2 wt %) was studied kinetically in SANS and reveals a well deﬁned asymptotic
trend (Figure 3.16c). Below T ∗ (blue dotted line in 3.18), the SANS scattering intensities
follow closely the fresh counterpart.
Fresh PS-4 wt % sample scatters more than the fresh 2 wt % sample (see Figure
3.17a), indicating the existence of more or larger aggregates. However, WAXS experi-
ments reveal that most of the C60 are still dispersed judging from the absence of C60
crystalline peaks in WAXS (Figure 3.15a) as 4 wt % is still below the dispersibility con-
centration (φD∼5 wt %) which is denoted by the black dotted line in Figure 3.18. The
combination of small angle neutron and wide angle X-ray scattering, covering a wide
dynamic range reveals the presence of large scale structures and yet the absence of crys-
talline structures at atomic spatial resolution. Therefore, in between φc and φD, the
fullerenes in fresh nanocomposites exist as a mixture of non-crystalline aggregates and
mostly dispersed nanoparticles, with no SANS fractal signature if annealed below T ∗.
Above φD, even the unannealed samples display crystalline peaks in WAXS that matches
well those of C60 single crystals while exhibiting small fractal scattering in SANS. This
suggests that there is an increased proportion of crystalline aggregates. Indeed, such
polydisperse nature of the fullerenes was also concluded based on the fractal analysis in
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the previous section.
There are various other miscibility studies on PS-C60 system in the literature. However,
diﬀerent sample preparation methods, post-annealing or sample drying treatments and
not to mention, diﬀerent criteria in determining the thresholds will inevitably result in
contradicting results. These apparent discrepancies can actually be reconciled by the
concentration-temperature morphology diagram in Figure 3.18. For example, WAXS
experiments on selected PS-C60 samples were also conducted by Tuteja et al.80 and
Waller et al.108 However, PS(393k)-C60 PNCs of the former study were subjected to
high temperature annealing (170◦C for ∼24 h) prior to WAXS experiments, resulting
in clear C60 crystalline peaks for PNCs with 5 wt % loading while no sharp peaks were
observed for 1 wt % C60. This matches exactly our WAXS experiment. Waller et al. also
estimated using the same crystalline peak criterion that their unannealed PS-C60 blends
have a dispersibility concentration of approximately 2 wt % which is considerable lower
than our estimate of ∼5 wt %. However, low Mw PS matrix was adopted in their study
(2.3 kg/mol), results in comparable sizes between C60 radius (0.5 nm) and Rg of PS(2.3k)
(1.2 nm). Given that this is at the miscibility boundary of the polymer Rg- nanoparticle
radius phase diagram proposed by Mackay et al.31(see Figure 3.3), a lower dispersibility
threshold is perhaps not too surprising. An independent molecular dynamic simulations
performed by the same authors reveal that the thermodynamic miscibility limit of C60
in PS to be 1.6 wt %, in excellent agreement with our φc ∼1.5 wt %.
Comparison with literature microscopy images
Microscopy images found in related experimental studies21,22,25,29 show large scale (up
to micron sized) aggregates. C60 nanocomposites of Weng et al.22 and Kropka et al.29
were prepared via solvent casting method and samples in the latter study were even
subjected to high temperature drying at 180◦C for 15 h, far exceeding the miscibility
temperature T ∗ and tolerable annealing timescales based on our SANS kinetics results in
subsection 3.3.3. As expected, at high C60 loading, micron size aggregates are observed
in both solvent casted samples due to the slow drying of the process (Figure 3.19 e-g).
Interestingly, Kropka et al's TEM images demonstrated that below 1 wt %, close to φc
of our work, C60 fullerenes remain dispersed with 10-20 nm in size despite undergoing
a high temperature drying (180◦C) procedure (see Figure 3.19 a-d). The ﬁnding agrees
well with our morphology diagram (Figure 3.18).
On the other hand, Tuteja et al.80 who prepared PS-C60 PNCs via rapid precipita-
tion (same sample preparation method as us) observed much smaller aggregates, up to
200-250 nm in diameter at very high C60 loading (10 wt %) despite the TEM specimen
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Figure 3.19.: Morphology of C60 based nanocomposites reported by other groups: (a-f)
Transmission electron microscopy (TEM) and optical microscopy images
of solvent casted PS-C60 samples;29 (g) optical microscopy image of sol-
vent cast PS/C60 PNCs showing micron sized phase separated C60 domains
(scale bar not shown);22 (h) TEM reveals PNCs prepared via rapid precip-
itaion method have smaller phase segregated C60 regions, approximately
200-250 nm in size even at very high fullerene loading (10 wt %).80
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being annealed at 170◦C for 24 h prior imaging (Figure 3.19 h). Despite the high anneal-
ing temperature, the authors suggested that there is still a substantial amount of C60
dispersed in the matrix (unimaged due to C60 lack of contrast in X-ray).
3.4. Structure (dispersion)-property correlation
Chain dynamics
We now draw a link between the C60 dispersion and the corresponding property changes.
We ﬁrst start with the chain dynamics of the PNCs whose Tg of fresh nanocomposites
are altered by up to 4◦C in comparison to neat PS at approximately 4-5 wt % loading
(see ﬁlled symbols in Figure 3.20b). Upon annealing above the miscibility temperature
T ∗, the Tg of the nanocomposites with φ>φc recover towards a lower plateau value (see
open symbols in Figure 3.20b). For samples annealed < T ∗, Tg remains largely unaltered
regardless of concentration (Figure 3.20c). We associate the Tg deviation to fullerene
aggregation, as represented by the changes in SANS scattering intensity before and after
annealing. The Tg of a sample with 4 wt % loading in (b) recovers to a plateau value of
∼106.5◦C after being annealed at 165◦C for 12 h. This is compared to the same sample
in (c) which was annealed at much higher temperature 200◦C for merely 6 min, yet
giving a lower Tg ∼105◦C. The observations can be rationalised with the temperature
dependence of aggregation kinetics (see Figure 3.16c), where we show that aggregation
kinetics depends more on annealing temperature.
The DSC results summarise that the onset of Tg deviation between fresh and annealed
samples occurs above ∼1.5±0.5 wt % (φc) (Figure 3.20b) and above ≈ 155±5◦C (T ∗) for
φ > φc (Figure 3.20c), in good agreement with the SANS results which show signiﬁcant
forward scattering beyond the same thresholds (c.f Figure 3.14). This indicates that Tg
is also a suitable gauge for the extent of nanoparticle dispersion.
The correlation between Tg and dispersion is further described in Figure 3.21. Below
φc≈1.5 wt % loading, all the C60 are well dispersed (see schematics (i) in Figure 3.21)
while above φc, the particle sizes are polydisperse and is a mixture of aggregates and
dispersed nanoparticles (see schematics (iii) and (v) in Figure 3.21). For instance, at
10% ( φc), PSC60 prepared via rapid precipitation still exhibit macroscopic property
enhancements such as viscosity reduction.80 Since the viscosity reduction observation is
only present if the interparticle distance is smaller than 2Rg of the polymer,81 the authors
of that particular study rationalised that there must be a fraction of well dispersed C60
that are responsible for their observations in samples with such a high loading (10 wt
%). In a consistent manner, we think that the fraction of dispersed nanoparticle in the
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be qualitatively related to the fraction of dispersed C60 in the matrix, as
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fresh and annealed nanocomposites.
matrix also governs Tg changes.
The good dispersion and narrow nanoparticle size distribution of samples ≤ 1.5 wt %
C60 is evident from SANS where the scattering of both neat PS and PS-1 wt % C60 are
indistinguishable, both before and after annealing at 165±5◦C. Hence, thermal annealing
seems to have little eﬀect on both the structural features (see schematics (i) and (ii) of
Figure 3.21a) and Tg. Above φc at 2 wt % and 4 wt %, the nanoparticle size distribution
is broad due to the presence of initial aggregates and interparticle correlation causes
scattering in low q regime in SANS, as seen in SANS spectra (iii) and (v) of Figure 3.21b.
The Tg of 2 wt % and 4 wt % unannealed samples continue to rise, since it is still below the
dispersibility concentration φD (see Tg points (iii) and (v) of Figure 3.21a). Schematics
(iii) and (v) demonstrates that the agglomerate size and polydispersity increases with
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Figure 3.22.: Selected dielectric loss spectra of (a) PS-C60 1 wt % (•) and (b) 2 wt
% () after thermal annealing (175◦C, 60 min) obtained via isothermal
frequency sweep. The solid lines are ﬁtting results using the Havriliak-
Negami function (Equation 2.2).
C60 loading but the fraction of dispersed nanoparticles is still signiﬁcant to increase the
Tg. One must also note that our SANS conﬁguration is sensitive to particle sizes of 2 nm
< d < 30 nm (as computed from the SANS q range), giving rise to the forward scattering
while calorimetric Tg is essentially a bulk average measurement over wider lengthscales
and is not inﬂuenced by these aggregates and hence continues to rise. If both 2 wt % and
4 wt % samples are now subjected to T > T ∗, the nanoparticles form larger aggregates,
yielding higher scattering intensities (compare SANS spectra (iii) and (v) in Figure 3.21b
and (iv) and (vi) in Figure 3.21c). The fraction of well dispersed nanoparticles in the
system however, is comparable to that of 1.5±0.5 wt % , hence yielding a plateau value in
Tg (compare Tg points and schematics (ii), (iv) and (vi) in Figure 3.21a). This raises an
interesting point that, regardless of the C60 loading in an sample, not all of the C60 will
agglomerate but instead, there is always a fraction of C60 (corresponding to the amount
of C60 at φc) that will remain dispersed. Of course, the dispersed nanoparticles in sample
with high nanoparticle loading are diﬃcult to estimate from SANS alone because they
are masked by larger aggregates. On the other hand, DSC measures Tg across a broad
length scale and could actually be a rather good indicator of the fraction of dispersed
nanoparticle in the matrix.
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Fragility of glass formation
Next, we investigate the eﬀect of the C60 aggregation on the dielectric response and on the
fragility of the bulk PS-C60 nanocomposites, on both sides of the miscibility concentration
φc. The dielectric measurements were repeated after thermal annealing was carried out
in situ at 175◦C for 60 min to deliberately induce controlled aggregation in the PS-
C60 system. After thermal annealing, the dielectric loss spectra of the nanocomposites
at diﬀerent temperature were measured and are shown in Figure 3.22. After thermal
annealing, the α relaxation is not as restricted compared to the unannealed counterpart
i.e. we observe the displacement of the maximum loss to higher frequencies for the
annealed samples, essentially recovering approximately the characteristic values for the
neat PS sample.
The temperature dependence of τα against reciprocal temperature normalised by their
respective Tg100s (Angell plot) of both the fresh and annealed nanocomposites is dis-
played in Figure 3.23a. The data are ﬁtted with VFT relation and the parameters
tabulated in Table 3.4. As discussed previously in Chapter 2, the changes to the av-
erage molecular packing in the glassy state and the corresponding fragility changes are
thought to depend predominantly on the interaction strength and interfacial area of the
PNC system. According to Figure 3.23b, the fragility of a sample containing 2 wt % C60
is indeed unchanged compared to the neat PS within experimental uncertainties after
thermal annealing, in direct contrast with the unannealed counterpart where substan-
tial fragility increase can be observed. Nanoparticle aggregation reduces the eﬀective
surface-to-volume ratio and hence little change is observed in the average packing and
fragility. At 1 wt % loading, below φc where good dispersion and narrow size distribution
is maintained, the fragility remains considerably higher than neat PS despite being an-
nealed, and consistent with the unannealed sample. This set of results thus conﬁrms the
sensitivity of the Tg and fragility changes to the extent of C60 dispersion in the system,
in accord with the mechanisms proposed in Chapter 2, as summarised schematically in
Figure 3.24. It must be noted that the mechanism on the left hand side of the ﬁgure will
be diﬀerent for highly interacting systems (both attraction and repulsion).
We would like to raise a ﬁnal discussion point that the measurements from DSC are
inevitably aﬀected by non-equilibrium eﬀects which originate from the way calorimetry
operates. The Tg of a material measured by DSC corresponds to heating transition at a
slow rate from non-equilibrium glassy state to equilibrium melt state. On the other hand,
with DS, the relaxation time of the polymer α segmental dynamics is measured directly at
equilibrium above Tg. In some cases, especially for systems with non-attractive polymer
nanoparticle interactions, diﬀerent information on chain dynamics can be obtained with
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Figure 3.23.: (a) Angell plot (log ταvs Tg100s/T ) of neat PS (), and thermally annealed
(175◦C, 60 min) PS-C60 1 wt % (•) and 2 wt % (). The unannealed
counterpart 1 wt % (◦) and 2 wt % (♦) are included for reference. The lines
are best ﬁts to the experimental data using VFT equation, black solid and
red lines denote ﬁts for unannealed and annealed samples, respectively. (b)
the dielectric glass transition temperatures Tg100s and (c) dynamic fragility
m, both before (open symbols) and after thermal annealing (ﬁlled symbols)
as a function of C60 loading.
Sample Tg(DSC) (K) Tg100s(τα=100s) (K) TV (K) D m
PS 377.1 364 301 7.7 92.31
0.6 wt % C60fresh 378.3 370 313 6.7 103.72
1 wt % C60fresh 379.1 373 319 6.3 111.65
1 wt % C60 annealed 379.3 372.5 317 6.4 108.2
2 wt % C60 fresh 380.6 372 317 6.4 108.35
2 wt % C60 annealed 379.5 363.5 299 8.0 89.8
Table 3.4.: Summary of α relaxation parameters for fresh and annealed (175◦C, 60
min) PS-C60 PNCs from best ﬁt to the VFT relation (Equation 2.4). m was
calculated from the fragility parameter D via m = 16 + 590/D.
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Annealing T > T*
<  φc >  φc
Tg slightly ↑ m unchanged Tg ↑ m ↑ Moderate interaction
Figure 3.24.: Schematic representation of the packing and fragility changes in PNC sys-
tem with modest attractive interactions. Before thermal annealing, the well
dispersed nanoparticle fraction for samples below and above the miscibility
concentration φc can lead to denser packing of the polymer in the vicinity of
the polymer-nanoparticle interfacial area (black fraction) thereby causing
substantial disruptive changes in the bulk packing and hence higher fragility
(grey fraction), as demonstrated on the left side of the diagram. After an-
nealing above the threshold temperature T ∗, the extent of dispersion in the
sample < φc remain unchanged so the fragility and Tg changes are retained.
For sample > φc (right diagram) however, the lack of eﬀective surface-to-
volume ratio of the aggregates leads to small packing diﬀerence between
interfacial layer (black) and the rest of the bulk area (grey), resulting in
bulk packing and fragility that are unchanged compared to the neat PS. Tg
can still be slightly aﬀected by the limited polymer nanoparticle interfacial
dynamics.
calorimetry and DS as diﬀerent lengthscales are probed.109 Fortunately, our DSC and
DS results are in good agreement with each other, hence ruling out the non equilibrium
eﬀects associated with both techniques, for PS-C60 nanocomposite at least.
3.5. Summary
A systematic C60 aggregation study based on SANS and WAXS was carried out to
complement the results presented in Chapter 2 where we reported on the polymer chain
dynamics and glass formation of bulk PS-C60 nanocomposites. Conditions and limits
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for miscibility and structural equilibrium of the nanocomposites at relevant processing
conditions were investigated, including relevant dispersibility and miscibility thresholds.
The deﬁnition and selection criteria of these threshold limits are listed below:
Miscibility concentration (φc): ﬁller concentration below which no excess forward
SANS scattering is observed, indicating good dispersion. Miscibility temperature (T ∗):
annealing temperature below which the dispersion and size distribution (SANS intensity)
show little changes relative to the unannealed counterpart. Dispersibility concentration
(φD): ﬁller concentration of sample below which no WAXS C60 crystalline peaks and no
SANS fractal signature are observed if annealed below T ∗ but some do exhibit SANS
forward scattering. The dispersibility concentration should not be confused with the
miscibility concentration.
PNCs with C60 loading ≤ φc (∼1.5±0.5 wt %) can retain its dispersion and narrow
size distribution up to ∼ 185◦C. PNCs with C60 loading between φc and φD (∼ 5 wt %)
are mostly dispersible if annealed below T ∗, i.e., a mixture of non-crystalline aggregates
and mostly dispersed fullerenes. Above the threshold limits of φD and T ∗, C60 association
and crystallisation develop, resulting in fractal SANS scattering which is indicative of a
system consisting of mostly phase separated aggregates. SANS fractal analysis of PNC
samples with 4-10 wt % C60 indicates fractal unit sizes of 2 - 5 nm (1/qc) and TEM
evidence from a recent study80 shows larger C60 aggregates (up to 250 nm at high 10
wt % loading), indicating that cluster sizes are highly heterogeneous. Fractal dimension
Df ranges from 2.04 to 2.53 are obtained, as expected for 3D mass fractal aggregates.
The cluster growth mechanism is conjectured to follow the diﬀusion limited aggregation
(DLA) growth model due to the proximity of our Df to the theoretical DLA Df in 3D
(∼ 2.39 ± 0.18), in agreement with the polydisperse nature of the C60 size distribution.
In addition, the C60 association kinetics in bulk PNCs were studied. The SANS scat-
tering intensity grows rapidly with time, with the growth kinetics well described by an
asymptotic relation. The growth constant K from the resulting ﬁt to the experimental
data follows the VFT temperature dependence, as expected for macroscopic aggregation
in polymer melt. Each annealing temperature has its own plateau value, which would
imply that not only the aggregation kinetics but also the ﬁnal morphology depends on
temperature.
Finally, the changes in chain dynamics and glass formation of bulk PS-C60 nanocom-
posites after being subjected to controlled thermal annealing are elucidated. The results
reiterate the dependence of PNC properties on C60 dispersion, adding further insight
into the structure-property relationship. Speciﬁcally, there is good correlation between
the Tg and C60 dispersion based on excellent agreement between DSC and SANS mea-
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surements. We propose that the Tg changes of PNCs are governed by the fraction of
dispersed nanoparticle in the matrix. Hence, Tg is considered a reasonably good gauge
for the extent of nanoparticle dispersion. Given that the Tgs of annealed nanocomposites
with φ > φc always recover to a plateau value which is coincidently the Tg of a sample
with ∼ 1.5 wt % C60, we further postulate that not all of the C60 will agglomerate but
instead, there is a fraction of C60 (corresponding to the amount of C60 of the miscibility
concentration φc) that will always remain dispersed. The results of the controlled aggre-
gation experiments qualitatively veriﬁed the mechanisms of Tg and fragility changes in
PS-C60 PNCs, as proposed in Chapter 2. In addition, the results also conﬁrmed the mis-
cibility concentration, linking the property/performance of the nanocomposite material
to nanoparticle spatial organisation.
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4.1. Introduction
The control of the structure and stability of nanoﬁllers in polymer matrices is key to the
development of functional nanocomposite materials. The nanoparticle spatial arrange-
ment and phase behavior of polymer-nanoparticle mixtures are governed by a subtle
balance of enthalpic and entropic contributions,92 and thereby control the macroscopic
performance of the composite material. Increasing experimental and theoretical work
demonstrate the great potential gains in mechanical,85,86 transport,27,61 and optoelec-
tronic properties89,110 of nanostructured composites. Current applications range from
thin ﬁlm coatings85,86,111,112 to photovoltaics devices.89,110
Conjugated polymer (donor) and fullerene-derivative (acceptor) mixtures are indeed
among the most promising polymer solar cell materials reported so far, in terms of
eﬃciency and stability,110 as well as relative low cost. The power conversion eﬃciency
of organic photovoltaics, speciﬁcally the photo-generated exciton (electron-hole pair)
dissociation process are dictated by the amount of donor/acceptor interface within the
photoactive layer. The separated electron and hole can transport to cathode and anode,
respectively, produce an external direct current. The interfaces should ideally be spaced
similar to the exciton diﬀusion length (5-10 nm) beyond which the electron-hole pair could
recombine due to the large coulombic attraction towards each other. The conventional
approach to create these interfaces and transport pathways are via the utilisation of
bicontinuous bulk heterojunction device structure113,114 which requires nanoscale phase
separation within the 100 - 200 nm-thick photoactive layer. Performance is thus largely
determined by the composite morphology and crystallinity behaviour of the constituent
materials in the blend,115120 thus necessitating their comprehensive characterisation.
Much research eﬀorts have particularly focussed in optimising processing parameters
such as the solvent choices121 and post production thermal annealing.110,122
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Nanotechnology often requires the usage of ultrathin polymeric material with thick-
nesses h < 100 nm. At such lengthscales, where intermolecular and interfacial forces are
more inﬂuential and diﬀerent governing physics is involved, the 2-dimensional nanocon-
ﬁned materials often exhibit many fundamentally interesting and often unexpected new
geometry-related eﬀects. Therefore, further to our work on bulk nanocomposites in pre-
vious chapters, we seek to characterise and control the phase behaviour and structure for-
mation in model polystyrene-fullerene nanocomposite thin ﬁlms. The results of this work
can shed light on the mechanism and kinetics of polymer-fullerene association process
in conﬁned media, thus providing guiding principles towards engineering nanostructure
formation in polymer nanocomposites (PNCs) for various thin ﬁlm applications.
From another related applied perspective, thin polymeric ﬁlms are susceptible to ﬁlm
dewetting and break up123127 when exposed to harsh environments such as thermal
annealing or solvent exposure, thus greatly compromising the ﬁlm's operating lifetime.
Recent studies have shown that the addition of C60 fullerenes,111,128,129 dendrimers130
and other spherical nanoparticles112,131134 can eliminate thin ﬁlm dewetting, demon-
strating the versatility of this eﬀect thereby providing an eﬀective and easy route to
stabilising ultrathin polymer coatings. The eﬀect can ﬁnd many applications in indus-
tries where advanced ultrathin coatings are prevalent. The underlying mechanism of this
important eﬀect is thought to be due to the formation of a nanoparticle layer next to
the substrate interface, hence modifying the interfacial geometry and chemistry and sup-
press dewetting. Therefore, even though uniform nanoparticle dispersions are desirable
for many applications, particle aggregation and/or segregation can also be advantageous.
Selective nanoparticle association/ segregation in polymer thin ﬁlms at the substrate or
air interface have been proven experimentally112,128,129,132135 and theoretically via com-
putational model studies.136,137 Particularly, experimental112 and simulation137 studies
using an athermal (PS polymer/nanoparticle) system with minimal enthalpic interactions
show that the initially uniformly dispersed PS nanoparticles segregate to the substrate
upon thermal annealing, indicating that the driving force of the segregation process is
primarily entropic in origin. Such entropic eﬀects can be oﬀset by enthalpic terms such
as nanoparticle surface energy and long range dispersion forces which, if dominant, can
drive the nanoparticles to the air interface or remain dispersed.
The entropic-driven mechanism above in nanoparticle ﬁlled thin ﬁlms is similar to
the depletion attraction phenomenon which is responsible for the self-migration of
nanoparticles to preferential interfaces like cracks85,92 and craze area,86 thereby opening
routes for self-healing systems. These remarkable ﬁndings were ﬁrst proposed theoreti-
cally by Balazs and co-workers using self-consistent ﬁeld and density functional theories
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Figure 4.1.: (a) Schematic representation of the spin coating process. (b) picture of the
spin coater and the silicon substrate and (c) UV-visible interferometer: (1)
Fiber-optic cable; (2) stage arm; (3) UV light source and (4) sample stage.
to study the spatial distribution of nanoparticles in damaged ﬁlled homopolymers90,91,138
and in ﬁlled block copolymer139,140. Hard nanoparticles serve as obstacles which poly-
mer chains must stretch around (considering minimum enthalpic interactions between
polymer and nanoparticle). In this case, one can expect that the polymer chain con-
formational entropy loss is greater compared to the nanoparticle translational entropy
lost.86 Hence, large nanoparticles (> Rg) are expelled from the matrix, resulting in seg-
regation; while smaller nanoparticles (< Rg) can still be incorporated within the matrix
without substantial entropy loss.
For the case of fullerene C60, besides the entropic forces which are always present,
there are additional factors such as long range van der Waals interactions between the
fullerenes and monomeric enthalpic interactions between PS and the fullerenes. With ad-
ditional interfacial (substrate and air) inﬂuences in thin ﬁlm conﬁnement, PS-fullerenes
are expected to exhibit rich phase behaviour particularly upon thermal annealing above
its glass transition temperature, which is the focus of this chapter. Finally, phase be-
haviour in the presence of external ﬁelds is investigated, providing valuable insights into
their roles in thin ﬁlm stability improvement which has profound practical ramiﬁcations.
.
4.2. Materials and experimental techniques
4.2.1. Sample preparation
C60 nanoparticles were purchased from MER Corp. (99+% purity) and were used as
received. Polystyrene of various Mw were obtained from various sources (see Table 4.1).
All PS were used as received except PS(270k) which was precipitated into an excess
non solvent, methanol, before use. The precipitation/ puriﬁcation step helps to remove
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Polymer Mw(g/mol) Mw/Mn Rg (nm) Tg (◦C) Source
PS(2k) 2750 1.1 1.4 67.8 Polymer Source
PS(10k) 10000 1.05 2.7 93.8 Polymer Labs
PS(79k) 80000 1.05 7.6 102.8 Polymer Labs
PS(270k) 270000 2.4 14 104.1 BP Chemicals
PS(1M) 971000 1.3 26.6 106 Synthesised*
Table 4.1.: The weight average molecular weight (Mw), polydispersity index (Mw/Mn),
polymer radius of gyration (Rg), glass transition temperature (Tg) of the
polystyrene matrix used in the present study. The left column denotes the
abbreviations for eachMw. TheMw andMw/Mn are provided by the suppli-
ers except PS(270k) and PS(1M) which were measured using gel permeation
chromatography (GPC). Rg = c(Mw)0.5 where c is 0.27 for PS.49 The Tg were
measured by diﬀerential scanning calorimetry (DSC) at 10◦C/min, error bar
= 1◦C. *Synthesised polymer (Durham University)
impurities from the polymer.
PS-C60 nanocomposite thin ﬁlms were prepared by spin coating from the PS-C60-
toluene solutions prepared via methodology described back in subsection 2.2.1. Prior to
spin coating, solutions were ﬁltered with 0.45 µm PTFE ﬁlters to remove large contam-
inants and dusts. Silicon substrates [100] were purchased from ITME, Poland and are
generally used after rinsing with toluene and dried under nitrogen. A thin (∼1 nm) na-
tive oxide layer (SiOx) covers the wafers, as determined by X-ray and neutron reﬂectivity
experiments. Some experiments require speciﬁc substrate treatments and the details will
be elucidated in the respective sections. Two wafer thicknesses were selected (3 mm and
380µm, ITME Poland), the thicker wafers are used for neutron reﬂectivity experiments
while all other experiments were conducted on the thinner wafers.
Once completely covering the silicon substrate with ﬁltered solution, the substrate
was spun gradually from 1500 to 3000 revolutions per min for 30 s. As the substrate
accelerates up to the designated rotational speed, the solution spreads evenly across the
substrate surface due to centrifugal forces. When the ﬂuid also reaches the same speed as
the substrate, the gradual thinning of the ﬂuid results in the ﬂash of colour that is often
observed during the spinning process. Finally, the ﬁlm solidiﬁes and forms a smooth ﬁlm.
The resulting ﬁlm thicknesses h, measured by UV-visible interferometer (Filmetrics, F20-
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Figure 4.2.: Experimental setup for real-time annealing experiments under a reﬂective
optical microscopy (Olympus BX41M).
UV) shown in Figure 4.1 and range from 20 to 500 nm. The ﬁlm thickness is controlled
by varying the fraction of PS-fullerene relative to toluene and, to a lesser extent, by the
spin coating rotational speed. Films were dried at room temperature for at least 24 h
before thermal annealing experiments.
4.2.2. Optical microscopy (OM)
Nanocomposite thin ﬁlms were thermally annealed on a custom made sample hot stage
heated by two cartridge heaters of 100W (red wires) placed at the center of the stage. The
hot stage temperature was probed by a type K thermocouple placed close to the surface
and controlled by a PID temperature device (CAL 9900). The surface temperature of the
hot stage was calibrated with a surface thermocouple connected to a laser IR temperature
probe.
Optical microscopy is extensively used in this work to characterise lateral features of
nanocomposite thin ﬁlms. Most of the thermal annealing experiments were conducted
in real time under a standard brightﬁeld and polarised optical microscopy in reﬂection
mode (Olympus BX41M),1 equipped with a X-Y stage and CCD camera (ATV Marlin)
1The microscope has 5 objective lens with diﬀerent magniﬁcations: 5X, 10X, 20X, 50X and 100X
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connected to a computer for image capture. OM images are saved as 8 bit, 1290 ×960
pixel2 digitised data. Once the temperature reaches equilibrium, the sample is placed
onto the hot stage and optical microscopy images are captured in a regular sequence
from which the ﬁlm morphologies and its associated kinetics can be evaluated. Figure
4.2 shows the experimental setup for a real-time thermal annealing experiment of a
nanocomposite thin ﬁlm.
4.2.3. Atomic force microscopy (AFM)
Atomic force microscopy (AFM) is another imaging technique which provides higher
lateral spatial resolution down to the atomic scale and has the additional capacity of
generating a 3D representation of the sample surface features. The basic principle of
AFM141 can be understood in the following way. A probe consists of a tip usually made of
silicon, silicon nitride or diamond attached to a cantilever. Upon engaging onto a surface,
the probe is scanned across the sample, following the topography of the specimen which
leads to cantilever deﬂections. A laser is focussed onto the back of the cantilever and the
deﬂection is centered onto a 4-quadrant photodiode. The change in light intensity at the
upper and lower quadrants of the photodiode due to the laser deﬂections is converted to a
voltage which can then be applied to the piezoelectric scanner by a feedback mechanism,
maintaining the tip at a constant force over the surface. This yields the displacement of
the piezo which is the mirror image of the sample's topography. The typical operational
setup of AFM is schematised Figure 4.3a.
AFM can operate in diﬀerent modes. In a static contact mode described above, the
tip is in constant contact with the sample surface. As a result, high lateral and normal
forces are exerted onto the surface which could result in unwanted sample deformation.
On the other hand, in TappingMode AFM, the tip is only intermittently in contact with
the surface, hence minimising the lateral forces, ideal for imaging soft polymer samples.
Speciﬁcally, the cantilever is oscillating near its resonance frequency of typically 10-500
kHz. The oscillation amplitude of the cantilever is kept constant by a feedback loop.
As the oscillating probe encounters the hills and valleys of the surface features, the
amplitude will decrease or increase accordingly. The change in amplitude can be used
as a feedback parameter for the AFM electronics to maintain constant amplitude and
force and, therefore, measuring the topographic variations of the sample. In addition,
TappingMode can also give extra phase information of the sample.
(Olympus MPLN series-http://www.olympus-ims.com/en/microscope/mpln/). The smallest length-
scale resolvable by this microscope can be estimated by rmin= 0.61×λ/NA where NA is the numerical
aperture. For a 100X lens, which NA = 0.9 and assuming a blue light of λ= 400 nm, rmin ≈ 270 nm.
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Figure 4.3.: (a) Schematic illustrating the typical setup of an atomic force microscopy
(AFM), consisting of the cantilever and tip, laser, piezoelectric x,y,z scanner
stage and 4-quadrant photodiode. (b) Innova AFM from Veeco (now Bruker
AXS) (c) AFM head where the cantilever and tip are mounted.
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Higher set points yield lighter tapping which is suited for high resolution scans while
the proportional parameter should be lowered to reduce measurement noise. The inte-
gral parameter governs the detail of the topography image relative to its real surface
features.
The AFM used in this work is an Innova from Bruker AXS (previously Veeco), isolated
with an anti-vibration table, see Figure 4.3b and c. For this work, it is operated in
TappingMode with an antimony coated silicon super sharp tips (TESP-SS) attached
onto a cantilever with the following characteristics: thickness 3.5-4.5 µm; width 25-35
µm; resonant frequency 296-351 kHz; spring constant 20-80 N/m. Stiﬀ cantilevers are
used to minimise sample adhesion during tapping. It has a scanning range from 100 µm
×100 µm down to 500 nm ×500 nm laterally and up to 7.5 µm in the height axis. The
piezoelectric scanner can operate with high precision in 3 dimensions (lateral x, y and
vertical z), moving either the sample or the cantilever. Our AFM moves the sample stage
during scans. Scan frequency of 1 Hz was typically used, giving 512 × 512 pixel2 images.
A standard image analysis software, SPM Lab Analysis (V7.00) was employed.
4.2.4. Reﬂectivity
Introduction to reﬂectivity
The general properties of neutrons were explained in Chapter 3 during the discussion
of small angle neutron scattering (SANS) technique. Reﬂection belongs to the family of
small angle scattering but has its own theoretical basis, data analysis and experimental
setup. In SANS, the interference of scattered neutron waves reﬂects the sample's bulk
average structural property. On the other hand, in neutron reﬂectivity, specular reﬂection
arises from the interference of neutrons elastically reﬂected oﬀ speciﬁc surfaces and is
measured as a function of momentum transfer in the vertical direction qz. This allows
interfacial properties orthogonal to the reﬂecting surface such as concentration depth
proﬁles to be probed. Lateral interfacial information such as amplitude and wavelength
correlation in the plane of the ﬁlms can be studied using oﬀ-specular reﬂectivity.
Neutrons follow standard laws of optics (reﬂection, refraction and interference) in an
analogous way to other electromagnetic radiation such as light and X-rays due their dual
wave-particle nature. As discussed earlier, SANS contrast arises from the diﬀerence in
coherent scattering length (bcoh) between the material with the surrounding medium.
Similarly, neutrons reﬂected oﬀ adjacent interfaces will interfere with each other depend-
ing on the refractive indexes between the adjacent materials. The neutron refractive
index (Equation 4.1) of medium m can be written as:
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ni = 1− λ
2ρb,m
2pi
+
iλµb
4pi
(4.1)
ρb,m =
∑
(bcoh)ρNA
Mw
(4.2)
where ρb,m is the neutron atomic coherent scattering length density (Å
−2) of medium m
which is a product of atomic number density (ρNA/Mw) and coherent scattering length
(
∑
(bcoh)) ; ρ and Mw are the bulk density (g/cm3) and molecular weight (g/mol) of
medium m; NA is the Avogadro number; λ is the neutron wavelength and lastly µa is
the absorption cross section density which is usually negligible for most material except
those containing Li, B, Cd, Sm or Gd elements. Therefore, the imaginary third term in
Equation 4.1 can be ignored for organic polymeric materials.
X-ray and neutron refractive indexes of a medium are of similar form; the diﬀerence
lies in the interactions between the incident beam and the medium itself. Since X-rays
interact with electrons of the material (unlike neutrons which interact with the nuclear
structure), the X-ray scattering length density of medium m (ρx,m) can be obtained by
multiplying the electron density of the medium (
∑
(Z)ρNA/Mw) and classical electron
density (re = 2.818× 10−15m). Z and µx are atomic number and absorption coeﬃcient,
respectively. Unlike neutrons which are more penetrative, the X-ray absorption cross
section is too signiﬁcant to be ignored. Hence, neutrons have a slight edge over X-rays in
the study of interfaces well beneath the sample and its negligible linear absorption coeﬃ-
cient for materials like silicon (0.0142cm−1, λ ∼ 3Å)2 also facilitates the design of sample
cell for in situ measurements. However, low incident ﬂux proves to be the shortcoming
for neutron sources with typical minimum reﬂectivity of 10−6. Not to mention that it
can be further smeared up by incoherent background for hydrogen containing material.
X-rays, on the other hand can provide higher ﬂux even in laboratory sources, thus can
reach reﬂectivity of the magnitude of 10−9 or less but might come at the cost of sample
damage.
The fact that re is constant implies that the contrast for X-ray depends solely on
the atomic number Z which increases proportionally with the number of electrons per
unit volume. Unlike X-rays, neutrons have a more unique contrast: neutron-nucleus
interaction which varies independently with Z across the periodic table. Even isotopes
of a same element can have diﬀerent neutron scattering cross section. Particularly, as seen
from Table 3.1, hydrogen and deuterium (both Z = 1) have very diﬀerent incoherent or
2Calculated from NIST scattering length density calculator. http://www.ncnr.nist.gov/resources/sldcalc.html
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Figure 4.4.: Schematic representation of a wave reﬂecting (refracting) on a ﬂat interface
between a medium m and air (m − 1) where nm > nm−1 with increasing
angle of incidence.
coherent scattering cross sections, not only in magnitude but also in sign. This enables
polymer scientists to use a material containing deuterium as surrounding medium to
enhance the neutron contrast of a speciﬁc polymer layer which would otherwise have
very little or no contrast using X-rays. For the sake of completeness, nuclear spin can
act as another form of contrast when polarised neutron source is used but its application
to polymers is restricted and will not be discussed in this thesis.
Reﬂection from an interface
Figure 4.4 illustrates that an incident beam can be totally reﬂected at any incident angle
below the critical angle of incidence (θc), beyond which the reﬂectivity will drop according
to Fresnel's law (discussed later) as some of the incident beam will be refracted according
to Snell's law:142
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nm−1 cos θm−1 = nm cos θm (4.3)
when θm (angle of refraction) equals to zero, the angle of incidence θm−1 is the critical
angle of incidence θc. If the medium m − 1 is air (nm−1 = 1), Equation 4.3 can be
rewritten as:
cos θc = nm (4.4)
with the second real dispersive term (10−5 to 10−6) and third imaginary absorption term
(10−6 to 10−7) in Equation 4.1 being very small, n is close to unity, resulting in the
small value of critical angle θc, typically up to 1◦. The critical angle of incidence can be
approximated by performing a series expansion on Equation 4.4 as given below,
1− θ
2
c
2!
+ ... = nm = 1− λ
2ρb,m
2pi
θc ≈ λ(
ρb,m
pi
)0.5 (4.5)
Reﬂection from a multilayer system
Fresnel reﬂection from ideal surface
The individual Fresnel coeﬃcient of the interface between layer m and layer m − 1
according to Figure 4.4 can be given as:
rm−1,m =
nm−1 sin θm−1 − nm sin θm
nm−1 sin θm−1 + nm sin θm
(4.6)
from which the resulting Fresnel reﬂectivity RF follows to the equation below with (*)
denoting the complex conjugate:
RF = r
∗
m−1,mrm−1,m (4.7)
Fresnel reﬂection from multilayer ideal interfaces
Next, we consider a multilayer system containing m discrete layers as shown in Figure
4.5. The new reﬂection coeﬃcient between layer m− 1 and m (denoted by prime) which
now also includes the internal reﬂection from interface underneath (between layer m and
substrate m+ 1) is:
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Figure 4.5.: Schematic representation of a multilayer system containing m discrete layers
on substrate (m+ 1) and has air (0) as surrounding medium.
r
′
m−1,m =
rm−1,m + rm,m+1e(2iβm)
1 + rm−1,mrm,m+1e(2iβm)
(4.8)
where rm−1,m and rm,m+1 can be given by the generalised individual Fresnel coeﬃcient as
denoted in Equation 4.6. A new variable, named phase factor, βm (Equation 4.9) is also
introduced to take account of the diﬀerence in optical path length between reﬂections
from diﬀerent interfaces. The exponential term accounts for the diminishing eﬀect of the
intensity as a result of reﬂections between interfaces of multiple layers. The reﬂectivity
coeﬃcient of the interface above, between (m − 2)th and (m − 1)th layer (r′m−2,m−1) in
Equation 4.10 where rm−2,m−1 is determined using the generalised individual Fresnel
coeﬃcient in Equation 4.6 and r
′
m−1,m is given by Equation 4.8.
βm =
(
2pi
λ
)
nmdm sin θm (4.9)
r
′
m−2,m−1 =
rm−2,m−1 + r
′
m−1,me(2iβm−1)
1 + rm−2,m−1r
′
m−1,me(2iβm−1)
(4.10)
Using this recursion method which was ﬁrst derived by Parratt143 in 1954, we calculate
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Figure 4.6.: Computed neutron reﬂectivity from a silicon substrate with varying surface
roughness using Parratt32 software.
the reﬂection coeﬃcient for each layer from the interface between substrate m + 1 and
layerm (rm,m+1), all the way up to air/ sample interface (r
′
0,1) which takes into account of
all the internal reﬂections throughout the entire sample. Finally, the Fresnel reﬂectivity
RF of the whole sample can be calculated using Equation 4.11 as given below:
RF = r
′∗
0,1r
′
0,1 (4.11)
Eﬀect of roughness
So far, the reﬂectivity functions have been derived based on a perfectly ﬂat sample
reﬂecting the perfectly monochromatic and collimated incident beam. None of the above
can possibly be achieved in actual experimental setups. Beam wavelength and collimation
are instrument dependent and are usually corrected by ﬁtting in suitable optics such as
collimator slits and divergence slits. Furthermore, the specular reﬂectivity is reduced by
an exponential square of the roughness, as shown with simulated neutron reﬂectivity data
of a silicon substrate with varying surface roughness (Figure 4.6). The Fresnel reﬂectivity
is corrected by adding a Gaussian roughness term as indicated below:
R = RF e
(−q2σ2) (4.12)
Contrast
For any scattering and reﬂectivity experiments, it is important to make sure that there
is suﬃcient contrast between the sample of interest and its surroundings. In the case
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Material
Atomic
number
density
(ρNA/Mw)
(×1022cm−3)
Bulk
density
ρ (g/cm3)
Electron density
(
∑
(Z)ρNA/Mw)
(×1023cm−3)
Neutron
scattering
length
density
ρb,m × 10−5
(Å−2)
X-ray
scattering
length
density
ρx,m × 10−5
(Å−2)
h-PS 0.607 1.05 3.4 0.141 0.958
d-PS 0.607 1.131 3.4 0.647 0.958
C60 1.4 1.72 5.05 0.573 1.42
Si 5 2.33 6.99 0.207 2.01
SiOx 2.61 2.2 7.82 0.347 1.86
Table 4.2.: Typical values of atomic number densities, bulk densities, electron densities,
neutron and X-ray scattering length densities of all materials involved in
the reﬂectivity experiments in this work except d-PS which is included for
reference. The coherent scattering lengths bcoh of the relevant nuclei are
given in Table 3.1.
of reﬂectivity, one must ensure that the beam reﬂected from a desired interface can be
distinguished from others that are reﬂected from adjacent interfaces. In the context of
X-ray and neutron reﬂectivity, these contrast variations i.e. refractive index diﬀerences
arise from a change in scattering length density between the adjacent layers, of which
some typical values for all materials used in this work are presented in Table 4.2. There
must be a substantial margin in scattering length density and the amount of material
between the layer of interest and its surrounding media in order to establish a clear depth
proﬁle of the sample as displayed in the inset of Figure 4.7.
Reﬂectivity experiment
Typical reﬂectivity experiments measure reﬂectivity of the incident beam which is the
ratio of reﬂected to incident beam intensities as a function of momentum transfer qz, as
depicted in Figure 4.7. It is crucial to perform a series of alignment procedures before data
collection to ensure the ﬁlm is parallel and levelled to the incident beam. The distinct
features of reﬂectivity proﬁle give detailed information about the depth-composition of
the thin ﬁlm samples under investigation. Incident beams reﬂected oﬀ diﬀerent interfaces
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Figure 4.7.: Neutron reﬂectivity data of a 104-nm-neat PS(2k) cast on a silicon substrate
with native oxide layer, the red line denotes ﬁt based on model depth proﬁle
shown in the inset.
of the sample interfere with each other, resulting oscillations known as Kiessig fringes,
whose periodicity (∆q) can be related to the layer thickness via 2pi/d. In addition, the
amplitude and shape of the oscillations are also characteristics of surface and interfacial
roughness while the critical plateau at low q regime where the reﬂectivity starts to drop
drastically is the critical angle (θc) which is related to the sample density. Variations in
composition normal to the ﬁlm surface are generally reﬂected in scattering length density
value of the ﬁlm. Hence, a ﬁtted value of scattering length density from the data can be
used to estimate the fraction of the constituent material within the sample.
All information above can be gathered by carefully ﬁtting the experimental proﬁle with
a theoretical model simulated via Equation 4.11 or Equation 4.12. Model concentration
proﬁles and best guesses of parameters (interfacial roughness, layer thickness and scat-
tering length density) are used to calculate the theoretical proﬁle iteratively until the
best ﬁt to the experimental data is obtained and all information above is thus collected.
Instrumentation
Neutron reﬂectivity (NR) measurements were performed at D17 reﬂectometer at Institut
Laue-Langevin (ILL), Grenoble, in time-of-ﬂight (TOF) mode using a wavelength window
of λ = 220 Å, 4λ/λ ≈ 4%. Complete reﬂectivity proﬁles over an extended qz range are
normally obtained by stitching data collected from two ﬁxed angles of incidence (0.6◦
and 2.4◦), with each angle having diﬀerent slit and chopper openings for optimum beam
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footprint, resolution and ﬂux. Using these conﬁgurations, we obtained a qz window of
0.006 < qz < 0.25 Å
−1. In order to minimise the frequency of sample changing and
alignment, we mounted up to six samples in parallel onto a (vertical) sample changer
attached to a motorised stage which is capable of moving in the following axis: trs
(sample translation), phi (axis parallel to the beam), and san (axis perpendicular to the
beam). The instrument has a monoblock tube detector, ﬁlled with 3He gas (size: 250 ×
500 mm).
Data reduction and analysis
After reducing the reﬂectivity data with COSMOS (LAMP) program, which includes de-
tector normalisation with water measurement and direct beam, and manual background
corrections, the data are ready to be analysed. As explained earlier, the analysis and
conversion of reﬂectivity proﬁle to depth concentration proﬁle is not straightforward as
it involves a series of intuitive guesses based on the relevant layer model. Therefore, the
analysis of the reﬂectivity data usually involves many iterative/ trial and error steps until
the simulated data describes the data adequately while giving a reasonable interpretation
of the system.
The software program used in this work to analyse the reﬂectivity data is Parratt32
(version 1.6) developed by HMI Berlin. This simulation program makes use of the Parratt
formalism for reﬂectivity.143 For each angle of incidence, the relative reﬂected intensity
is calculated following a recursive formula that combines the reﬂected and transmitted
amplitudes layer-by-layer throughout the whole sample depth, as explained in Chapter
4.2.4.
4.3. Fullerene association: spinodal clustering
Fullerene C60 based PNC thin ﬁlms have been previously studied, particularly focussing
on low Mw polymer matrix because of the unique ﬁlm dewetting suppression induced by
fullerene C60.111 For consistency, we ﬁrst reproduce the observations of Barnes et al.111
and conﬁrm the suppression of dewetting in low Mw PS-C60 ﬁlms. Figure 4.8a depicts
the usual Voronoi networks associated to thin ﬁlm dewetting,124 as observed in a lowMw
PS(2k), 30-nm-thick ﬁlm, annealed at 140◦C. In contrast, ﬁlm dewetting is completely
suppressed in the C60-ﬁlled counterpart which is consistent with published literature, see
Figure 4.8b. On the other hand, to our complete surprise, highMw (PS(270k)) and thick
(150 nm) nanocomposite ﬁlm annealed at a higher temperature 180◦C exhibit a spinodal-
like lateral morphology (see Figure 4.8d) with well deﬁned wavelength, as demonstrated
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Figure 4.8.: Optical micrographs of neat PS and PS-5 wt % C60 nanocomposite thin ﬁlms
of diﬀerent Mw and ﬁlm thicknesses upon annealing for 30 min at 140◦C
(a),(b) and 180◦C (c),(d). Film thickness and Mw: (a),(b) 30 nm, 2 kg/mol;
(c),(d) 150 nm, 270 kg/mol. Inset in (d) shows fast Fourier transformation
(FFT) of the spinodal clustering morphology. Scale bars: (a),(b) 500 µm,
(c),(d) 50 µm. The width of the FFT in inset of (d) is 5.4 µm−1.
by the characteristic FFT ring in the ﬁgure inset. The uniformity of the pattern formed
extends to wide lateral dimensions up to 5 cm × 5 cm. In AFM topography scan of the
same sample presented in Figure 4.9 also reveals that the spinodal surface undulations
exhibit height amplitudes in excess of 300 nm, much larger than the original unannealed
ﬁlm thickness itself. The corresponding AFM 3D surface topography (with reference to
the substrate) show that the ﬁlm does not breakup/ dewet from the substrate interface.
This is supported by a controlled experiment using neat PS(270k) thin ﬁlm which remains
(meta)stable within the experimental time window for up to 10 h of annealing (see Figure
4.8c), as expected for PS at such high Mw (270 kg/mol) and ﬁlm thickness (150 nm).
We have named the process spinodal clustering, after the apparent bicontinuous
lateral structure and corrugated vertical topography. However, magniﬁed scans of the ﬁlm
pattern through AFM (Figure 4.9) show that the morphology is not exactly spinodal,
instead it is a nucleation process of the C60 fullerenes arranged in a spinodal-like pattern.
The underlying mechanism and kinetics of this distinct polymer-fullerene association
process will be elucidated below by investigating various parameter space in detail.
The dependence of the PS(270k)-C60 thin ﬁlm morphology on C60 loading, upon
isothermal annealing above Tg, is shown in Figure 4.10. Optical micrographs for 150
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Figure 4.9.: Atomic force microscopy (AFM) scan (height × width) (42.8 µm × 50 µm)
of an annealed (180◦C, 30 min) PS(270k)-5 wt % C60 loading showing the 3D
topography and cross section of the spinodal clustering pattern. The darker
area is the substrate.
nm PS(270k)-C60 ﬁlms annealed at 175◦C at representative times are selected for illus-
tration. No sign of C60 association is observed at 1 wt % C60 loading, even after 8 h,
while dense nucleation is observed at 2 wt % upon annealing. A spinodal-like structure
develops within a few minutes in 5 wt % C60 ﬁlms, with well-deﬁned dominant lengthscale
and connectivity. Upon prolonged annealing over 48 h, the 2 wt % mixture eventually
percolates into an interconnected spinodal-like structure, which is qualitatively similar
to 5 wt % specimens, albeit less dense (thus with a larger characteristic length scale λ∗).
A transition from nucleation to percolation is not apparent in the 5 wt % C60 mixtures,
due to its very fast kinetics. The similarity between the ﬁnal structures at 2 wt % and
5 wt % ﬁlms suggest a common C60 association mechanism, starting with a nucleation
and growth step and eventually percolating into a spinodal like lateral morphology. Sub-
sequent experiments on the early stages of association at lower annealing temperatures
corroborate this hypothesis.
The apparent miscibility threshold of C60 in PS thin ﬁlms agrees well with those
measured in bulk PNCs (≈1.5 wt %), established by calorimetry (DSC), dielectric spec-
troscopy (DS), small angle neutron scattering (SANS) and wide angle X-ray scattering
(WAXS) in Chapter 3. It is possible to disperse higher C60 loadings in PS via rapid
precipitation (bulk) or spin-casting (thin ﬁlms). However, we expect mixtures with C60
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Figure 4.10.: Optical microscopy images of PS(270k) thin ﬁlms (h = 150 nm) with various
C60 loading, annealed isothermally at 175◦C for selected time intervals. A
transition from stability to sparse nucleation is visible between 1 and 2 wt
% loading, and then to spinodal clustering at 5 wt % C60. The inset of
panel (k) shows the 2 wt % surface pattern after 2 days. Neat PS ﬁlms
remain uniform and (meta)stable for approximately 10 h. Scale bars are 50
µm.
113
4. Nanoparticle association in PNC thin ﬁlms: spinodal clustering and ﬁlm stability
10 µm
a
b
10 µm-1
Figure 4.11.: Optical microscopy (OM) image analysis procedure to quantify the time
evolution of (a) the characteristic wavenumber (q∗) and (b) the number
density (Nd), average radius (<r>), and area fraction (Af ) of the clus-
ters. Fast Fourier transform (FFT) and radial average of binary ﬁltered
OM image yields a structural dominant wavenumber q∗ and thus dominant
wavelength λ∗ = 2pi/q∗. A ﬁlter of the bicontinuous envelope permits the
determination of cluster statistics via procedure (b). The procedure is il-
lustrated with a PS(270k)-5 wt % C60 150 nm thick ﬁlm annealed at 175◦C
for 61 min.
loading of 1.5 wt % and above to demix PS upon annealing.
4.3.1. Microscopy image analysis
Quantitative image analysis of the thin ﬁlm morphology and topography was carried out
to characterise the fullerene C60 association and kinetics. Speciﬁcally, we probe the lateral
(in-plane) morphology by a combination of OM and AFM, and the vertical topography
(i.e., undulation amplitude) by AFM. Each pattern is thus quantiﬁed by its characteristic
lateral length scale (λ∗) or wavenumber (q∗ = 2pi/λ∗), cluster average radius (<r>),
cluster number density (Nd), cluster 2D area fraction (Af ), and the undulation average
amplitude (<δh>).
Figure 4.11 illustrates the image analysis procedure of an optical microscopy image.
Each pattern exhibits two clear features: (a) darker clusters corresponding to C60-rich re-
gions; (b) and the surrounding lighter connected domains, corresponding to undulations
in ﬁlm thickness. Each image is analysed following two routes, to obtain (a) the char-
acteristic length scale and periodicity (λ∗, q∗) and (b) C60 cluster distribution statistics
(<r>, Nd, Af ). Structure factors of the ﬁlm lateral bicontinuous morphology in recip-
rocal space were obtained using ImageJ (NIH): images were thresholded and the cluster
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Figure 4.12.: (a) Optical microscopy (OM) and (b) atomic force microscopy (AFM) im-
ages (both 100 µm × 100 µm) of PS(270K)-5 wt % C60 (h = 135 nm) after
annealing at 180◦C for 30 min. The width of the FFTs for both the OM and
AFM image depicted in the insets are both 6 µm−1. The resulting iden-
tical dominant lengthscales (λ∗, q∗) indicates that thresholding procedure
for OM images does not induce artifacts in determining the periodicity.
regions ﬁlled to create binary images that were then fast Fourier transformed (FFT)
and radially averaged. The characteristic wavelength of the pattern was obtained by
λ∗ = 2pi/q∗ where q∗ is the wavenumber corresponding to the maximum intensity of the
structure factor. The coarsening kinetics of the in-plane structure λ∗(t) were analysed as
a function of isothermal annealing time. For comparison, neat PS ﬁlms were investigated
in the same experimental conditions. FFT of AFM topography scans obtained using the
SPM Lab Analysis (V7.00) software provided by Bruker AXS and ImageJ binary optical
micrographs yield identical dominant lengthscales (λ∗, q∗), indicating that thresholding
procedure for OM images does not induce artifacts in determining the periodicity (see
respective FFTs for AFM and OM for a representative sample in Figure 4.12).
Image analysis via route b yields cluster statistics, <r>, Nd, and Af , and was carried
out using Vision Assistant (National Instruments 8); the same thresholding procedure
was adopted, only with the connected envelope removed. The characteristic cluster
size <r> and polydispersity were obtained from the maximum and the width of the
cluster radius histogram. Nd is deﬁned as the number of clusters per unit area and
Af is their surface coverage normalised to total image area. Measurement uncertainties
were computed by varying image thresholding levels. For completion, the undulation
average amplitude (<δh>) and maximum peak height of the surface topography were
also obtained from AFM data using the same analysis software from Bruker AXS. Each
analysis was repeated for all experimental time scales to establish relevant kinetics and
underlying mechanisms.
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Figure 4.13.: Lateral coarsening morphologies of spinodal clustering of a representative
PS(270k)-5 wt % C60 thin ﬁlm (h = 150 nm) annealed at 175◦C. Insets
show the fast Fourier transforms (FFT) of the optical microscopy images
(via route a). Panel l is a higher magniﬁcation of panel k, depicting the
fullerene clusters and the surrounding spinodal-like morphology. The width
of the FFT insets is 10 µm−1.
4.3.2. Lateral morphology coarsening kinetics
Optical microscopy images shown in Figure 4.13 show the coarsening of the lateral mor-
phology during spinodal clustering for a representative 150 nm thick PS(270k)-5 wt %
C60 ﬁlm isothermally annealed at 175◦C. The ﬁlm was inspected to be uniform and
cluster-free before annealing, as shown in Figure 4.13a. Within the ﬁrst few minutes
of annealing, C60 fullerenes start to nucleate and both the size and number of clusters
increase. With increasing annealing, the growth of the spinodal-like in-plane structure is
clearly evident from the OM images a-k. Panel l is a higher magniﬁcation of panel k, de-
picting the fullerene clusters and the surrounding spinodal-like morphology. To quantify
the morphology coarsening kinetics, the OM images were subjected to image analysis
procedure as detailed in Figure 4.11a. The corresponding FFTs depicted in the image
insets show characteristic spinodal rings that shrink with increasing annealing time. The
resulting structure factors at selected time intervals, obtained by radially averaging the
FFTs, are summarised in Figure 4.14. The peak positions of the structure factors (fastest
growing mode) compiled in the ﬁgure inset indicates that the growth kinetics of the in-
plane structure follow a well deﬁned scaling relationship of λ∗ ∝ t1/4 or q∗ ∝ t−1/4, for h
= 150 nm.
The nature of the spinodal clustering process is further elucidated by examining the ﬁlm
thickness dependence of the lateral morphology. Optical micrographs and the associated
FFTs in Figure 4.15a-f show the ﬁlm morphologies with increasing ﬁlm thickness, after
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Figure 4.14.: Time evolution of the structure factor of PS(270k)-5 wt % C60 thin ﬁlm
(h = 150 nm) annealed at 175◦C, obtained by FFT and radial average of
insets in Figure 4.13. The inset shows the time-dependence of the dominant
wavenumber which scales as q∗ ∝ t−1/4 for this ﬁlm thickness.
annealing at 180◦C for 30 min. Figure 4.15g compiles the structure factors as a function
of ﬁlm thickness demonstrating a reduction in dominant wavenumber q∗.
The bicontinuous lateral morphology is reminiscent of phase separation via spinodal
decomposition which the early stages generally yield a time-independent dominant wave-
length or wavenumber, which then grows via a number of coarsening mechanisms at later
stages.144 Thin ﬁlm conﬁnement results in 2D phase separation that reduces the coars-
ening power laws q∗ ∝ t−α, where the coarsening exponent α is directly proportional to
ﬁlm thickness. The initial dominant wavelength λ∗0 ≡ 2pi/q∗0 (computed at t0 = 3 min)
yields a linear ﬁt to h1, compatible with phase separating thin ﬁlms (see Figure 4.16b).
The time dependence of the dominant wavenumber q∗ for various ﬁlm thicknesses is
shown in Figure 4.16a. As expected, thinner ﬁlms generally yield smaller λ∗ (larger
q∗) and coarsen comparatively slower. The thicker ﬁlms (170 nm) exhibit a q∗ ∼ t−1/3
relation as expected for evaporation and condensation mechanism in phase-separating
ﬂuid mixtures. The centre of mass of the clusters does not seem to move with time,
while the cluster size grows, indicating that the mechanism involves motion of sub-µm
particles. The coarsening exponent α decreases with decreasing h and seemingly α →0
for h ∼ 20 nm. At the initial stages of ﬁlms with h < 100 nm, q∗ and λ∗ appear to be
time independent as expected in the early stages of phase separation. While for ﬁlms
with h > 100 nm, the early stage time dependence of the in-plane lengthscales cannot
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Figure 4.15.: Optical micrographs of PS(270k)-5 wt % C60 mixtures of various ﬁlm thick-
nesses (a)(f), all annealed for 30 min at 180◦C. (g) Structure factors ob-
tained from radial average of FFT insets.
be determined due to their fast kinetics. At long times (> 3-5 h), the in-plane structure
eventually pins, reaching λ∗∞ =8.7 µm for a 155 nm ﬁlm, as shown in the inset of Figure
4.16a. Further increasing h > 500 nm results in a qualitative morphological change
characterised by polydisperse clusters and loss of spinodal character (image not shown).
4.3.3. Vertical topography
AFM scan of annealed nanocomposite thin ﬁlm characterise the development of the
topography and provide additional information on the structure height and ﬁlm stabil-
ity. An undulating bicontinuous morphology at the air interface could suggest spinodal
dewetting which has been reported in ultrathin polymers, including polystyrene, of h< 10
nm.126,127 The early stage of spinodal dewetting process are well described by linearised
capillary wave instability models,145,146 whereby thermally induced thickness ﬂuctuations
grow exponentially with time, with a fastest growing, time-independent wavenumber q∗
=
√
3/2(a/h2) where a2 is a surface interaction parameter (inversely proportional to the
ﬁlm viscosity η).146 The equation also predicts that the exponentially ampliﬁed surface
modulations have a initial wavelength (λ∗0) proportional to h2.
In the present case of spinodal clustering, however, the ﬁlms do not dewet the sub-
strate within the experimental time scales (up to 48 h) as the PS Mw (270 kg/mol) and
thicknesses (∼100 nm) are much larger than those expected for spinodal dewetting. As
mentioned earlier, neat PS(270k) ﬁlms under the same conditions remain uniform for
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Figure 4.16.: (a) PS(270k)-5 wt % C60 mixtures: coarsening kinetics of dominant
wavenumber q∗ as a function of ﬁlm thickness h. The inset depicts pin-
ning of morphology after long annealing times (180◦C) for selected h =
155 nm (b) Film thickness dependence of the initial dominant wavelength
λ0 ≡ 2pi/q(t0 = 3min); line is a linear ﬁt to h1, compatible with phase
separating thin ﬁlms.
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Figure 4.17.: (a) AFM topography scans (20 µm × 20 µm) of PS(270k)-5 wt % C60 150
nm ﬁlm annealed at 175◦C for representative times. (b) Average height
undulations (<δh>) of the spinodal clustering surface topography, as a
function of annealing time. The solid blue ﬁt is based on an asymptotic
relation. The ﬁlled symbols correspond to the AFM scans on the left. The
red lines in (b), shown clearer in the inset denotes the exponential amplitude
growth of ﬁlm undergoing spinodal dewetting126
approximately 10 h before slowly dewetting via nucleation of holes. By contrast, the
nanocomposite surface topography develops within a much faster timescale of a few min-
utes (1-10 min) depending on the annealing temperature. Moreover, as shown earlier
in Figure 4.16b, the initial wavelength of the lateral structure λ∗0, computed at t0 = 3
min varies as h1 which is compatible with phase separating binary thin ﬁlm mixtures.
This further distinguish the present spinodal clustering process from spinodal dewetting,
which should follow a h2 dependence.126 In fact, C60 fullerenes111,128,129 have been shown
to actually suppress the dewetting of (lowMw) polymer thin ﬁlms, a phenomenon that is
also observed by us, as shown in Figure 4.8b. We will return to the discussion regarding
the ﬁlm stability of PS-C60 thin ﬁlms later in this chapter.
Furthermore, Figure 4.17 shows AFM data and the corresponding pattern average
amplitude (<δh>) for a 150 nm PS(270k)-5 wt % C60 ﬁlm annealed at 175◦C. The
average amplitude growth (Figure 4.17b) can be well approximated by an asymptotic
time dependence (<δh>=< δh >∞ [1 − exp(−(Kt)n)]) (blue ﬁt). This is clearly in
contrast with the exponential growth kinetics expected for spinodal dewetting, as shown
in (b) in red (shown clearer in the inset) for a representative 4.5 nm PS(4k) undergoing
spinodal dewetting at 115◦C, obtained from Xie et al.,126 thus conﬁrming that spinodal
dewetting does not account for the spinodal clustering observations. The asymptotic
time relation is essentially a similar mathematical form of the Avrami relation used to
model crystallisation kinetics. The data compatibility with the Avrami relation will be
discussed further below. The maximum height of some peaks can reach up to 400 nm
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Figure 4.18.: AFM (5 µm × 5 µm) scans of a 150 nm-PS(270k)-5 wt % C60 after being
annealed at 180◦C for 60 min. (a) Height image of as annealed sample
before rinsing with tetrahydrofuran (THF); (b) Topography scan of the C60
aggregates underneath after the PS phase was removed by THF dissolution.
In (c), the phase distribution of both PS and most of the segregated C60 are
depicted by the superposition of cross-sections at the locations indicated at
lines in (a) and (b). The methodology in obtaining δh is also shown in (c).
after annealing at 180◦C for 60 min, as shown in Figure 4.18 for the same 150 nm ﬁlm,
indicating that δh increases with annealing temperature.
It must be clariﬁed that the amplitude δh is deﬁned as the height measured from the
peak maximum to the lowest point of the ﬁlm interface, not to the substrate interface,
as visualised in Figure 4.18c. In addition, the δh distribution is highly heterogeneous,
with heights between 30 nm - 400 nm are observed towards the later annealing stage,
thus yielding an average amplitude <δh> of ≈ 85 nm as seen in Figure 4.17b. The
growth kinetics of <δh> as a function of temperature was comprehensively investigated
with time-resolved specular neutron reﬂectivity experiments, showing similar asymptotic
time dependence (see Appendix B).
Selective dissolution of PS of the annealed nanocomposite sample using tetrahydrofu-
ran (THF) reveals that the segregated micrometer-sized C60 clusters (insoluble in THF)
are anchored adjacent to the substrate underneath the ﬁlm interface undulations and
retaining the exact spinodal coordination. The AFM topography scans of the annealed
polymer-air surface and the embedded clusters (before and after selective THF dissolu-
tion, respectively) are displayed in Figure 4.18a and b, respectively. The superposition
of cross-sections at the locations indicated by lines in (a) and (b) indicates that the
morphology is composed of the segregated C60 aggregates covered by a PS top layer,
resulting in an undulating surface topography <δh> that develops with time. We do not
rule out the possibility of remnant C60 suspended in the top bulk layer which would be
washed away together with the majority of the PS phase. It is likely that the clusters
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Figure 4.19.: Optical microscopy images showing the surface lateral morphologies of 150
nm PS(270k)-5 wt % ﬁlm after isothermally annealed at selected tempera-
tures (a) 145◦C, (b) 155◦C, (c) 165◦C, and (d) 175◦C for 60 min.
observed underneath are either pure C60 domains or C60-rich at least. In summary, the
present PS-fullerene association process is reminiscent of 2D phase separation of polymer
blend thin ﬁlms,144,147 which results from surface buckling attributed to spatial surface
tension variations due to the demixing between the polymer and nanoparticles.
A recent study of ﬁlm stability of PS-CdSe nanocomposite ﬁlms onto silicon substrates
seeded with sparsely distributed 120 nm SiO2 particles135 also reports surface undula-
tions, for ﬁlms thinner than the large SiO2 particle size, and overall ﬁlm stability due to
CdSe segregation to the substrate interface. The ﬁnal state of this self-assembly process
exhibits interesting similarities with the spinodal clustering process, as it results in un-
dulating yet stable ﬁlms, with a coexistence of large particles (or clusters) and relatively
dispersed nanoparticles. However, both mechanisms diﬀer in that the spinodal clustering
process involves the association of a single type of nanoadditive, C60 fullerenes, and ini-
tiates from an otherwise uniform, ﬂat thin ﬁlm before thermal annealing, as illustrated
by AFM topography image (0 s) in Figure 4.17.
4.3.4. Quantitative analysis of cluster formation and growth
In order to obtain a mechanistic understanding of fullerene association and pattern for-
mation in polystyrene ﬁlms, we quantify the key stages of the process in terms of the
evolution of the cluster average radius <r>, cluster number density Nd, and area fraction
Af with time, in addition to the structure periodicity q∗ reported above. Because of the
relatively fast association kinetics at high temperatures, all parameters were studied as a
function of annealing temperature and time. According to Figure 4.19, at constant time
(shown here for 60 min), the morphology ranges from sparse nucleation to spinodal-like
percolated structure, as temperature increases from 145 to 175◦C.
In particular, we considered the 150 nm PS(270k)-5 wt % C60 nanocomposite ﬁlm,
122
4. Nanoparticle association in PNC thin ﬁlms: spinodal clustering and ﬁlm stability
140 160 180
0.25
0.50
0
 
 <r>( m)
T (oC)
60 min
 185oC
 145oC
 e
 
 
 
0.0
0.2
0.4
0.6
175 oC a
IVIIIIII
<r
> 
(
m
)
 
 
0
5
10
15
IV
175 oC
 
 
 
 
E
DC
B
 b
IIIII
N
d X
 1
04
 (N
/m
m
2 )
 
I
A
III
IV
II
 
 
 
 
 f
145oC
185oC
175oC
165oC
155oC
I
1 10 100
1
2
3
IV
175 oC
 
 
 
 
I IIIII
Time (min)
q*
 (
m
-1
)
d
0.00
0.02
0.04
0.06
III
175 oC
 
 
  
 c
IVII
A
f  
(a
re
a 
fr
ac
tio
n)
 
I
1 10 100
  
 
 h
165 oC
175 oC
185 oC
Time (min)
-1/4
 
 
  
 g
145oC
185oC
175oC
165oC
155oC
Figure 4.20.: Time dependence of the average radius <r>, cluster number density Nd,
cluster area fraction Af , and characteristic wavenumber q∗ for nanocom-
posite thin ﬁlms PS(270k)-5% C60 with h = 150 nm. The left column (a-d)
shows results for 175◦C annealing. I, II, III and IV denotes the nucleation,
percolation, saturation and coarsening regimes (see text). The correspond-
ing images for time points A to E are shown in Figure 4.13, parts b, c, f,
j, and k, respectively. The right column (e-h) summarises results for ﬁlms
annealed at various temperatures ranging from 145 to 185◦C. Red line de-
notes the onset time of nucleation regime before which the ﬁlm is uniform
and cluster-free. Green line shows the onset for percolation regime while
blue and purple lines indicate the start of cluster saturation and structure
coarsening. The inset of panel e shows the dependence of the cluster size
distribution with annealing temperature, at constant time 60 min. Solid
lines in panel g correspond to Avrami ﬁts. Note that a single exponent of
α ∼ 1/4 describes coarsening at all temperatures for constant thickness h
= 150 nm.
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annealed isothermally at 175◦C. The time evolution of <r>, Nd, Af and q∗ are shown
in Figure 4.20, in parts a-d respectively. For clarity, the process is divided in stages I-IV,
according to distinct growth regimes. The process starts with the (I) nucleation stage,
characterised by the appearance of clusters that grow in size, number and area fraction,
but lack interparticle correlations. The (II) percolation stage begins when a dominant
structural peak becomes visible in the radially averaged FFT, yielding the characteristic
wavenumber q∗. When the number of clusters (Nd) reaches its maximum, the pattern
enters a (III) saturation stage. Finally, a (IV) coarsening stage is reached when the size
<r> and area fraction Af of clusters also reach a maximum, yet coarsening of the ﬁlm
morphology continues. Af reaches 5.5 ± 0.8 % for 5 wt % C60. At this temperature
(175◦C), the transition between the regimes happens within 2.2 min (I-II), 4 min (II-III)
and 10 min (III-IV).
The fullerene association process remains qualitatively similar for diﬀerent annealing
temperatures, with an expected shift of time scales, clearly shown in Figure 4.20, parts
e-h. There are some quantitative changes worth noting however. At the lowest tem-
perature reported (145◦C), the association kinetics are considerably slower and there
is an induction period of approximately 30 min, during which no clusters are observ-
able using optical microscopy, after which clusters are formed randomly, verifying that
the association process here is nucleation and growth in origin. Separately, the average
cluster radius <r> appears to depend on the annealing temperature and larger <r> is
ultimately obtained at lower annealing temperatures. A crossover in radii occurs for the
various annealing temperatures as a function of time. Inspection of the micrographs and
population statistics indicates that this is caused by a much faster nucleation rates at
higher temperatures. Cluster growth proceeds, consuming the excess C60 in the matrix,
until the Af converges to ≈5 % over prolonged annealing. At higher temperatures, faster
nucleation leads to increased monodispersity (inset of Figure 4.20e) while the coexistence
of nucleation and growth at lower temperatures is responsible for a wider cluster size dis-
tribution with generally larger <r>. The formation of polydisperse clusters suggests that
the nucleation, rather than growth is the slow step in nucleation and growth.
Figure 4.20h indicates that the lateral wavelength λ∗ is larger with increasing annealing
temperature, despite the OM images in Figure 4.19 showing that the periodicity of the
structure appear to decrease with temperature. This can again be rationalised by the fast
nucleation kinetics of fullerene C60 at high temperatures, resulting in a larger structure
periodicity at a given time for extended annealing period in comparison to those that of
lower temperatures. Interestingly, the structure coarsening power law remains q∗ ∝ t−1/4
regardless of annealing temperature. Only the prefactor diﬀers, of course, as the matrix
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ho
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Figure 4.21.: Geometrical consideration in the calculation of the volume fraction of
the clusters (Vf ). Dashed lines denote the PNC sample contour before
annealing.
viscosity and interfacial tension changes with temperature.148 The dependence of the
scaling exponent as a function of ﬁlm thickness, at constant temperature, has been shown
earlier to vary from 1/3 to 0, with decreasing thickness. This result indicates that the
exponent depends only on ﬁlm thickness, which sets the C60 diﬀusion geometry, but not
on temperature. The quantitative characterisations of Nd and Af are more diﬃcult with
decreasing PNCs ﬁlm thickness. The smaller features means that the clusters and the
surrounding interconnected structures could not be distinguished as the lengthscale is
close to the resolution limit of the optical microscopy rmin ≈ 270 nm.
Despite the similarity between the 2D area fraction Af and the solution original C60
mass concentration, an exact determination of the agglomerated C60 would be via its
volume fraction in the ﬁlm which require 3D scanning techniques such as AFM. The
cluster volume fraction Vf can be estimated via Equation 4.13, as geometrically visualised
in Figure 4.21. One must take into account of the fact that the cluster vertical height (30-
300 nm) is signiﬁcantly smaller than the lateral width (1-2 µm). Hence, the conventional
illustration of the structure would lead to the reader to the illusion of it being a peak-like
structure. These are in fact more like a ﬂattened cone or spheroid. Since the clusters
are noncylindrical, a geometrical constant y is introduced for approximations of a cone (y
= 1/3) or a (hemi)oblate spheroid (y = 2/3) structure. The height ratio x between the
the average cluster height (h0×x) and unannealed ﬁlm thickness h0 must also be taken
into account for the geometrical conversion. The 2D area fraction Af can be represented
by (ΣAc)/AT where ΣAc is the 2D area occupied by all the clusters and AT is the total
area of the unannealed PNCs ﬁlm.
Vf =
y × ΣAc × (h0 × x)
AT × h0 = y ×Af × x (4.13)
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A resulting spheroid (hemisphere) approximation (y = 2/3; Af∼5.3 %; x = 94/150
= 0.62) yields Vf ≈ 2.19 vol %, and thus ≈3.6 wt % C60 (slightly smaller for cone
approximation). It is noted that we have estimated a 1.5 wt % miscibility limit for C60
in bulk PNCs in Chapter 3 earlier and would thus expect a net agglomerated mass
fraction of 3.5 wt % which agrees remarkably well with the ≈3.6 wt % calculated in the
present thin ﬁlm observations. However, the conversion between Af and Vf and their
accuracy are fraught with uncertainties in these geometrical considerations due to large
heterogeneities in the cluster height and radius. For simplicity, we restrict most of the
discussion to the directly observable 2D area fraction Af .
A comparison between the C60 growth kinetics in the bulk, obtained by SANS in
the previous chapter (Figure 3.3.3b and c) and in present thin ﬁlms suggests that C60
agglomeration is faster and more sensitive to temperature under conﬁnement, but obeys
a similar asymptotic trend. It is worth noting that the bulk kinetics data by SANS
closely resembles the Nd analysis in Figure 4.20f as both shares the same characteristics
of having a plateau value at each temperature. This suggests that the obtained SANS
structure factor for bulk samples is dominated by the number density of the clusters. The
aggregation temperature threshold T ∗ is estimated 155±5◦C in the bulk and decreases
to approximately 140◦C in 150 nm 5 wt % ﬁlms. The slightly lower T ∗ observed in thin
ﬁlms may be associated with increasing inﬂuence of interfacial eﬀects.
4.3.5. Avrami crystallisation
In order to ascertain the nature of the clusters, a combination of polarised microscopy
and WAXS experiments were carried out. WAXS experiments on PS-C60 mixtures of
various loadings, acquired as a function of annealing time, help to clarify the cluster
formation. The measurements were carried out on bulk specimens as nanocomposite
thin ﬁlms provide poor signal-to-noise ratios. Figure 3 shows that PS(270k)-5 wt % C60
annealed at 180◦C develops crystalline peaks that correspond to the crystallisation of
neat C60 at q = 0.77, 1.26, and 1.48Å
−1 within a few (2 - 5) min of annealing. This time
scale agrees well with the onset of spinodal clustering in thin ﬁlms. The right inset of
Figure 4.22 shows that C60 crystallites appear under cross-polarised microscopy, visible
as Maltese crosses, in annealed nanocomposite ﬁlms toward the later stages of annealing
(shown here for 180◦C and 60 min). The position of the maltese crosses matches exactly
the coordination of the clusters observed under brightﬁeld light (left inset) at the same
location. Prior to annealing, (fresh) nanocomposites only display C60 peaks if above the
dispersibility threshold of ≈ 5 wt % C60. These experiments indicate that the clusters are
resulted from the phase separation of PS-C60 and ensuing crystallisation of C60 within
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Figure 4.22.: WAXS spectra for 5 wt % PS(270k)-C60 bulk mixtures as a function of
annealing time at 180◦C. At 5 wt % C60 loading, the system is initially dis-
persed but, upon annealing, develops C60 crystalline peaks that match the
WAXS spectrum of C60, indicating fullerene crystallisation upon agglomer-
ation. Similar evidence of C60 crystallinity is also observed in the nanocom-
posite thin ﬁlm (insets: 180◦C and 60 min) with optical microscopy under
brightﬁeld (left inset) and cross-polarised (right inset) light. The WAXS
data are shifted vertically for clarity.
the polymer matrix.
We have therefore attempted a quantitative analysis of the crystalisation and the
associated kinetics using Avrami relation:149151
Af = 1− exp(−(Kt)n) (4.14)
where Af is the crystallised area fraction, scaled to the maximum value, K is the ki-
netic constant and n is the Avrami exponent. We adopt a form of the Avrami relation
that provides the correct physical dimensions152 i.e. the rate constant K in s−1. The
relationship describes the crystallised 2D area fraction Af reasonably well, as shown by
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Figure 4.23.: Temperature dependence of the Avrami kinetic parameter K (s−1), de-
scribing fullerene association, overlaid onto the inverse viscosity η−1 of the
polystyrene matrix computed by the WLF relation (see text). The inset
depicts the Avrami exponent found to be n ≈ 2.
the blue solid lines in Figure 4.20g. The rate constant is found to be highly tempera-
ture dependent, ranging from 10−2 to 10−4 s−1 over a 40◦C interval, and is plotted in
Figure 4.23. The inverse viscosity 1/η of the PS matrix is also plotted on the graph for
comparison, calculated according to the Williams-Landel-Ferry relation:
log(
η(T )
η(Tg)
) =
−C1(T − Tg)
C2 + (T − Tg) (4.15)
with PS constants chosen as C1 = 14.6, C2 = 50.4, and Tg = 100◦C.153 The kinetic
constantK exhibits remarkable agreement with η−1 suggesting that, above the miscibility
threshold, C60 association is largely mediated by the viscosity of the polymer matrix, as
expected from the Stokes-Einstein relation Dc = kBT/6pirη where r is the nanoparticle
radius. The results apparently contrast earlier observations of non Stokes-Einstein fast
Brownian diﬀusion of nanoparticle in the matrix.132 This can be reconciled by the fact
that, at 5 wt % loading (above the miscibility threshold), fullerenes associate during
isothermal annealing into larger particles, eventually forming micrometer-sized clusters
which in turn should follow the Stokes-Einstein prediction. The Avrami ﬁts suggest an
exponent n = 2, as plotted in the inset of Figure 4.23, which is expected for circular
growth. This result can be understood given the large cluster diameter (reaching ≈ 1000
nm) and the smaller ﬁlm thickness (150 nm), which corresponds to a 2D condition as
h 2r.
128
4. Nanoparticle association in PNC thin ﬁlms: spinodal clustering and ﬁlm stability
Wang et al.120 have recently reported on the crystallisation of P3HT3 in solution cast
P3HT:PCBM4 mixtures, a well-known organic photovoltaic composite, using grazing
incidence X-ray scattering and ellipsometry. The bulk (3D) study revealed an Avrami
exponent n ≈ 1.8 , which is associated with heterogeneous nucleation from aggregates or
impurities. In the present case, PS is fully amorphous and thus only C60 crystallisation
is observed.
4.4. Fullerene location and segregation behaviour
4.4.1. Mw and thickness
Fullerene C60 based PNCs thin ﬁlms have been previously studied, particularly focussing
on low molecular weight polymer matrix because of the unique ﬁlm dewetting suppression
eﬀect by fullerene C60 or any spherical nanoparticle in general. The underlying mecha-
nism of this phenomena has been previously attributed to an entropically driven surface
phase transition in low-Mw polymer-particle thin ﬁlms, resulting in the expulsion and
layering of nanoparticles along the solid substrate, as observed experimentally111,128,129
and predicted theoretically.136,137 In order to reconcile with previous reports of dewet-
ting suppression with C60 nanoparticles111,128,129 and the current spinodal clustering
observations, we investigate the eﬀect of Mw.
The ﬁlm stability of neat PS ﬁlms of h ≈ 135 nm of Mw ranging from 2 kg/mol - 1000
kg/mol upon annealing above Tg are shown in the top panel of Figure 4.24. For neat
ﬁlms casted on substrates covered with native silicon oxide layer127: PS(2k) and PS(10k)
ﬁlms rupture readily (< 1 min) at 180◦C, while PS(79k), PS(270k) and PS(1000k) remain
largely uniform until much longer times, up to 6 h for neat PS(79k) and > 10 h for neat
PS(270k) and PS(1000k).
Dewetting in relatively thick (∼150 nm) low-Mw PS ﬁlms (2k and 10k) is suppressed
by C60 and the ﬁlms exhibit spinodal clustering morphology instead due to the high
fullerene (5 wt %) loading. The dewetting suppression eﬀect in PS-fullerene thin ﬁlms
will be discussed towards the end of this chapter. The lengthscale of the bicontinuous
spinodal structure decreases gradually with increasing Mw, as shown in the OM images
from left to right of Figure 4.24. Separate AFM scans also conﬁrm that the vertical
topography δh is much higher with lower matrix Mw, with δh can reach up to 500-
600 nm for PS(2k)-5 wt % in comparison to 200-300 nm for PS(270k)-5 wt %. At the
highest PS Mw investigated of ∼ 1000 kg/mol, the fullerene association appears to be
3Poly(3-hexylthiophene) (P3HT)
4Phenyl-C61-butyric acid methyl ester (PCBM)
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Figure 4.24.: A Mw vs thickness spinodal clustering morphology diagram. Neat PS
ﬁlms of h ≈ 135 nm of diﬀerent Mw were annealed 180◦C for 30 min and
the resulting ﬁlm stability on as received substrates are shown in the top
panel. The remaining PS ﬁlms of various Mw and ﬁlm thickness, all of 5
wt % C60 loading were subjected to thermal annealing for 180◦C for 30 min
before observed under optical microscopy in reﬂection mode. Scale bar for
the neat PS at the top panel and the PNC thin ﬁlms at the bottom panel
are 500 µm and 10 µm, respectively.
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still in the early nucleation regime with clearly smaller <r> and λ∗ and less connectivity
comparing to lowerMw at a given annealing time of 30 min. This is rationalised in terms
of the viscosity of 1000 kg/mol being very large, thus making the association kinetics
much slower in comparison to those of lower Mw. The clustering kinetics for PS-C60
nanocomposites of lowerMw (2k and 10k) could not be followed because they reach their
ﬁnal clustering state within minutes. Looking down along the morphology diagram, the
qualitative trend withMw holds for lower ﬁlm thicknesses, only with the expected scaling
of the cluster size with the ﬁlm thickness. Overall, the lateral morphology (and vertical
topography) can clearly be tuned by the molecular weight of the polymer host.
In order to elucidate possible links between nanoparticle segregation behaviour and
the resulting pattern formation, the depth-composition proﬁle of the fullerenes within
the freshly cast ﬁlms are ﬁrst studied. For that, instead of X-ray reﬂectivity, neutron re-
ﬂectivity is employed because the contrast (scattering length density diﬀerence) between
the fullerenes and PS is much better for the case of neutrons than X-rays (see Table 4.2).
In addition, hydrogeneous PS also provides a better contrast to the fullerene C60 than
deuterated PS so the conventional deuterium labelling practice is not necessary in our
case.
As discussed earlier, the C60 depth distribution in as-cast low Mw PS-C60 nanocom-
posites thin ﬁlms was previously studied using NR by two diﬀerent groups.111,128,129 In
particular, Holmes et al.128 and Yaklin et al.129 both claimed that C60 are located en-
tirely at the substrate interface, but not anywhere else in the ﬁlm, giving rise to a 2-3
nm bottom layer consisting of 29 vol% C60. However, they ignore the presence of silicon
oxide (SiOx) layer on Si substrates in their data ﬁtting procedure which is incorrect in
our opinion. Considering that the scattering length density value between the SiOx and
29/71 volume fraction C60/PS are similar, the layer could either be a SiOx or C60/PS
co-existent phase or a mixture of all three. Hence, it is necessary to ﬁrst validate the ex-
act nature of the bottom layer adjacent to the substrate with comparison measurements
on neat PS ﬁlms.
Therefore, we ﬁrst investigate the eﬀect of diﬀerent silicon substrate using neat PS
ﬁlms which would simplify the ﬁtting (without C60) and thereby allows us to model
whether SiOx is required to ﬁt the neat PS ﬁlms. Neutron reﬂectivity experiments were
conducted at D17 reﬂectometer at Institut Laue-Langevin (ILL, Grenoble, France), in
collaboration with Dr. Anthony Higgins (Swansea, UK) and Dr. Andrew Wildes (ILL,
Grenoble). Figure 4.25 depicts reﬂectivity proﬁles of as-cast neat PS ﬁlms casted on
two types of as received substrates: (a) 104-nm-PS(2k) on type A* substrate; (b) 130-
nm-PS(270k) on an type A as received substrate from another source. The latter type
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Figure 4.25.: Reﬂectivity proﬁles of as-cast neat PS ﬁlms casted on diﬀerent types of as
received silicon substrates. (a) 104-nm-PS(2k) on type A* substrate; (b)
130-nm-PS(270k) on type A substrate. Red solid lines are best ﬁts to the
data based on 2 layer model (see text). All ﬁtting parameters for the data
are compiled in Table 4.3.
(substrate A) is used predominantly for subsequent reﬂectivity experiments.
We ﬁrst attempt to ﬁt our neat PS data with the same 2 layer model as also used
by Yaklin and Holmes et al. Each layer contains three parameters: (a) thickness (h);
(b) scattering length density (ρb); and (c) interfacial roughness (σ), yielding a total of
6 parameters that are needed to be taken into account for the 2 layer model. Since
the ﬁtted values of air-ﬁlm interfacial roughness (σ1) and the parameters of the bottom
layer (h2, ρb2, σ2) are correlated, we have decided to simplify the ﬁttings by carrying out
independent AFM studies to determine σ1 (2.5 - 3 Å) and ﬁt the remaining 5 parameters
subsequently (ﬁt procedure 1). Similar results are obtained by ﬁtting all 6 parameters si-
multaneously (ﬁt procedure 2). The reﬂectivity proﬁles of both PS ﬁlms are well modeled
by the 2 layer model (consisting a thick top PS layer and very thin SiOx bottom layer)
while 1 layer model of PS alone fails to ﬁt the data well, thus clearly demonstrating that
SiOx layer needs to be considered in the data ﬁttings. Furthermore, it also proves that
NR would be sensitive enough to higher ρb material at the substrate caused by possible
C60 enrichment of up to few nm.
We now address for nanocomposite ﬁlms with 5 wt % C60 loading. Single layer model
without SiOx cannot predict the data well as shown earlier with neat PS ﬁlms. Firstly, a
3 layer model was attempted to simulate a top thick bulk layer (layer 1) and a possible
separate C60 enrichment layer (layer 2) on top of the SiOx layer (layer 3), following the
ﬁndings of Yaklin et al. and Holmes et al. However, the very thin nature of the bottom
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Figure 4.26.: Reﬂectivity proﬁles of as-cast (a) 95-nm-PS(2k)-5 wt % C60 (b) 110-nm-
PS(270k)-5 wt % C60 (c) 23-nm-PS(2k)- 5 wt % C60 and (d) 22-nm-
PS(270k)-5 wt % C60. All ﬁlms were casted on as-received silicon wafers
with thin (1-2 nm) native oxide layer, ﬂushed with toluene and dried with
nitrogen before use (substrate type A). Red solid lines are best ﬁts to the
data based on models explained in text. The lateral morphology of the
PNCs ﬁlms subjected to subsequent thermal annealing (180◦C, 30 min)
are shown in the Mw-thickness morphology diagram (see Figure 4.24). All
ﬁtting parameters for the data are compiled in Table 4.3.
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layers from our ﬁts (layer 2 + layer 3 < 1 nm, less than the diameter of C60) means
that the 3 layer approach is unfeasible. Therefore, based on the results of neat PS ﬁlms
and impracticality of the 3 layer model, we further conﬁrm that the bottom layer is
predominantly SiOx.
Hence, we adopted the 2 layer model which predicts a top bulk layer (layer 1) while
layer 2 represents a much thinner SiOx layer adjacent to the silicon substrate. Following
ﬁtting procedure 1, the air-ﬁlm roughness σ1 was pre-determined by AFM, the represen-
tative nanocomposite samples of PS(2k) and PS(270k) cast on as-received silicon blocks
(substrate type A) are well predicted by the 2 layer model as shown by the red ﬁts to
the black data points in Figure 4.26.
Overall, we do ﬁnd a higher ρb1 for the nanocomposite ﬁlms in comparison to the neat
PS ﬁlms as shown in the summary Table 4.3. The average ρb1 of both neat PS ﬁlms
in Figure 4.25 and the four 5 wt % PNCs samples in Figure 4.26 are 1.37 × 10−6 and
1.5 × 10−6Å−2, respectively. The theoretical value for ρb1 if assuming all C60 (5 wt %)
are distributed uniformly throughout the layer is 1.55× 10−6Å−2 which is very close to
our obtained average ρb1 above for 5 wt % ﬁlms. This is true for nanocomposites ﬁlms of
all Mw and thicknesses investigated. Fitting parameters of procedure 1 are compiled in
Table 4.3. In short, we conﬁrm that fullerene C60 are homogeneously distributed within
the ﬁlm regardless of Mw and ﬁlm thickness.
Regarding the ﬁtting of 2 layer model, majority part of the data, especially around
the critical edge and the fringes minima are very sensitive to scattering length density of
the top bulk ρb1 while the thickness h2 and scattering length density ρb2 of the bottom
thin layer individually aﬀects more at the high qz regions and also becoming increasingly
sensitive for thinner ﬁlms.
4.4.2. Substrate type
All experiments reported so far were carried out on as received wafers, i.e. ﬂushed with
toluene and dried with nitrogen before use (termed substrate A). Next, selected silicon
substrates were piranha-etched to probe possible surface energy eﬀects.5 Speciﬁcally,
wafers were immersed into piranha solution at 80◦C for 1 h, rinsed with excess clean,
5Most thin ﬁlm studies normally subject their respective silicon substrates to speciﬁc cleaning methods
before usage for more consistent results. One of the conventional silicon substrate cleaning methods
involves a 30/70 volume mixture of 30 % hydrogen peroxide (H2O2) and 96 % sulfuric acid (H2SO4),
commonly known as piranha solution. This cleaning method is most eﬀective in removing organic
hydrocarbons and oils (but not inorganic metals) from the silicon surface, resulting in a highly
hydrophilic (high surface energy) substrate. In this process sulfuric acid is used to convert the
organic materials to carbon. The carbon then reacts with the atomic oxygen present (due to the
dissociation of hydrogen peroxide) to form CO2, a by product of the cleaning process.
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Figure 4.27.: Optical microscopy images showing that spinodal clustering lateral mor-
phologies were reproduced with piranha-cleaned silicon substrates (sub-
strate type B) thus ruling out possible surface energy eﬀects. (a) 125-nm-
PS(2k)-5 wt % C60 and (b) 157-nm-PS(270k)-5 wt % C60 after annealing
for 180◦C, 30 min.
deionised water and dried with nitrogen before use. These substrates are referred to
substrate type B. These high energy hydrophilic substrates were used for spin coating
immediately (no later than 5 min after cleaning) in order to minimise the redeposition
of air-borne contaminants.
Figure 4.27 illustrates that spinodal clustering also occurs in piranha etched wafers.
Neutron reﬂectivity measurements shown in Figure 4.28 also conﬁrm that the fullerene
depth proﬁle in as cast ﬁlms of piranha cleaned substrates is very similar to those on as
received substrates, following a largely homogeneous proﬁle with an average scattering
length density ρb1 of 1.47 × 10−6Å−2. According to Table 4.3 which summarises all
the ﬁtting parameters used, any ﬁlms (both neat PS and nanocomposite ﬁlms) cast on
piranha treated wafers (substrate B) generally have thicker bottom layers (h2∼ 8.3 −
13.2Å). On the other hand, all ﬁlms spun on as received substrates (substrate A) have
lower h2 (< 6.8 Å) apart from the 104 nm neat PS(2k) casted on wafer type A* which
originate from a diﬀerent source. The ability to pick up the h2 variability from diﬀerent
substrates is a measure of conﬁdence of our ﬁtting procedure and model.
Figure 4.29b shows the reﬂectivity proﬁles and the corresponding ﬁts of ∼160 nm
thick PS(270k) ﬁlms with 3 diﬀerent fullerene loadings on both side of the miscibility
threshold (1.5 wt %): PS(270k) with 1, 3 and 5 wt %. As expected, all samples can
be well modelled with the 2 layer model, with layer 1 representing the bulk layer
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Figure 4.28.: Reﬂectivity proﬁles of freshly casted (a) 100-nm-PS(2k)-5 wt % C60 (b)
121-nm-PS(270k)-5 wt % C60 (c) 22-nm-PS(2k)-5 wt % C60 and (d) 22-
nm-PS(270k)-5 wt % C60. All ﬁlms were cast on piranha-cleaned silicon
substrates (type B). (See text for substrate cleaning details). Red solid
lines are best ﬁts to the data based on models explained in text. All ﬁtting
parameters for the data are compiled in Table 4.3.
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Figure 4.29.: Simulated reﬂectivity proﬁles (Parratt32, version 1.6) from the 2 layer
model, varying scattering length density of layer 1 (ρb1) at a constant ﬁlm
thickness h of (a) 161 nm and (c) 129 nm. Our corresponding reﬂectivity
data and ﬁts for as cast ﬁlms are shown in (b) and (d) respectively for
h ≈ 161 nm and h ≈ 129 nm, showing good agreement with the simula-
tions. See legends for the details of each data and ﬁts. All samples were
spun cast on piranha cleaned silicon wafers B. All ﬁtting parameters for the
data are compiled in Table 4.3.
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consisting the homogeneously distributed fullerene nanoparticles and layer 2 representing
the native oxide layer. The thickness of the SiOx layers ranges from 9.8 to 11.1 since
piranha treated substrates B were used. More importantly, the ﬁtted scattering length
density of layer 1 (ρb1) shows an increasing trend with C60 loading (see legend of Figure
4.29b), indicating that NR can indeed discern ﬁlms with diﬀerent nanoparticle loading.
Simulated reﬂectivity data of various ρb1 at a constant ﬁlm thickness of 161 nm plotted
in Figure 4.29a shows that a shallower ﬁrst minimum and deeper remaining minima are
indicative of a sample with lower ρb1, as also mirrored in our reﬂectivity data of similar
conditions presented in Figure 4.29b. Modelled data for 129 nm-thick-ﬁlms in Figure
4.29c show that the ﬁrst minimum of ﬁlm with lower ρb1 value is not as deep as those
shown in thicker (161nm) ﬁlms. The trend is also reﬂected in the corresponding data
and ﬁts of neat PS and PS-5 wt % on piranha cleaned wafers, as shown in Figure 4.29d.
All ﬁtting parameters are compiled in Table 4.3.
The predominantly dispersed C60 depth concentration proﬁle in our as cast samples
with diﬀerent C60 loading, thickness, Mw and substrate type apparently contradicts
previous studies. Particularly, the presence of a thin C60-rich phase at the substrate
interface of as cast ﬁlms was shown in Yaklin's study.129 In that study, the authors had
deliberately ﬂipped a 30-nm 3 wt % PNC ﬁlm, with the original ﬁlm/substrate interface
now the air/ﬁlm interface and veriﬁed that the C60 rich phase is at the air interface for
the ﬂipped ﬁlms.
It later came to our attention6 that the formation of such fullerene enriched layer
could be attributed to spin coating conditions, speciﬁcally, the waiting time between
solution deposition onto the substrate and spinning initiation. Increase in this waiting
time would allow solvent (toluene) to evaporate slowly, driving the C60 fullerenes which
are less soluble in toluene than PS to the substrate interface where the toluene content
is the highest. The study of Barnes et al.111 which ﬁrst reported a ∼ 5 nm C60-rich layer
at the substrate interface of a 100-nm PS(2k)-5 wt % sample had indeed spun cast their
samples with a waiting time of approximately 1 min before spinning. As diﬀerent groups
usually have diﬀerent sample preparation procedures, we tentatively associate this simple
yet important factor as the possible cause of the thicker fullerene enrichment layer found
by Holmes and Yaklin et al. For clarity, we initiate the spinning cycle immediately after
solution deposition onto the substrate. Systematic neutron reﬂectivity studies varying the
waiting time, and many other sample preparation related variables are subject of future
work. Speciﬁcally, we wish to ﬁnd out whether we can obtain thicker C60 enrichment
layer as observed by Barnes et al., Yaklin et al. and Holmes et al. We do however ﬁnd
6Professor Alamgir Karim (The University of Akron), personal communication.
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Sample
Mw
(g/mol)
Wafer Figure h1(Å)
ρb1 ×
10−6
(Å−2)
σ1(Å) h2(Å)
ρb2 ×
10−6
(Å−2)
σ2(Å)
PS 2k A* 4.25a 1042.07 1.322 2.5 14.7 2.921 0
PS 270k A 4.25b 1302.89 1.41 3 4.71 2.964 0
PS-5% C60 2k A 4.26a 950.24 1.498 3 2.08 3.221 0
PS-5% C60 270k A 4.26b 1114.93 1.538 3 6.75 2.4 0
PS-5% C60 2k A 4.26c 229.88 1.462 2.5 0.11 3.077 0
PS-5% C60 270k A 4.26c 215.22 1.51 2.5 4.61 2.786 0
PS 270k B 4.29d 1302.89 1.387 3 8.33 3 0
PS-5% C60 2k B 4.28a 1002.88 1.505 3 10.3 2.907 0
PS-5% C60 270k B 4.28b 1209.91 1.489 5 10.1 3.13 0
PS-5% C60 2k B 4.28c 222.48 1.448 2.5 13.2 2.643 0
PS-5% C60 270k B 4.28d 221.1 1.451 3 10 2.9 0
PS-1% C60 270k B 4.29c 1567.95 1.368 2.5 11.1 2.664 0
PS-3% C60 270k B 4.29c 1496.47 1.396 2.5 9.8 3.265 0
PS-5% C60 270k B 4.29c 1620.99 1.507 2.5 10.2 3.48 0
Table 4.3.: Table summarising the ﬁtting parameters used in Parratt32 ﬁtting software
(HMI Berlin) of reﬂectivity data of all as-cast samples. Substrate A* denotes
an as received silicon wafer obtained from a diﬀerent source.
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that the spinodal clustering morphology upon thermal annealing is actually invariant to
waiting time of up to 2 min before spin coating (images not shown).
Although the observation of thicker C60 enrichment layer in previous studies maybe
reconciled, it is in our opinion very unlikely that the particles are exclusively present at
substrate and none are present elsewhere in the as-cast ﬁlm, as claimed by Yaklin and
Holmes et al. Their conclusions are likely aﬀected by disregarding the presence of oxide
layer in their data ﬁtting procedure. Consequently, the SiOx and enriched fullerene layers
are convoluted due to similar ρb of SiOx and C60/PS phase. The volume fraction in their
segregated layer could hence be overestimated. We note that the scattering length density
ρb1 of our sample at 3 wt % sample is 1.396× 10−6Å−2, a value that is actually smaller
than the neat hPS of 1.41× 10−6Å−2. This implies that the homogenised C60 fullerenes
in samples with 3 wt % loading are close to the detection limit of the instrument, which
probably also applies to Holmes' data. In addition, comparison measurements with neat
PS as shown by us in Figure 4.25 was not done in their studies, adding further doubt to
their complete fullerene segregation conclusion.
For higher C60 concentration (5 wt %), simple mass balance calculation tells us that
if we are to see the same C60 substrate layer that Holmes et al. claimed (∼2 nm layer
with ρb2 = 2.66 × 10−6Å−2 (29 vol % or 40 wt % C60) in a 31.5 nm ﬁlm) in our much
thicker ∼100 nm ﬁlms, the C60 enriched layer would not deplete the bulk layer C60 at
all, rather it would only reduce the bulk layer C60 concentration from 5 wt % to ∼4.16
wt %. We also conjecture that our C60 layer next to the substrate is more diﬀuse and
rough than reported by Holmes and Yaklin et al., much like those probed directly with
AFM in a recent study.154 As a result, the C60 irregular layer adjacent to the substrate
could be masked by the remaining dispersed fullerenes in the bulk, hence forming part
of the homogeneous proﬁle which we observe with neutron reﬂectivity.
Furthermore, small nanoparticles system like C60 fullerenes (1 nm in diameter) can
be uniformly dispersed throughout the ﬁlm based on favourable entropic eﬀects, as pre-
dicted by recent ﬂuid density functional theory calculations performed with a mixture of
hard spheres and freely jointed hard chains.136,137 In addition, PCBM, a type of fullerene
derivatives also reportedly has a rather uniform distribution within the P3HT matrix be-
fore annealing, even at the extreme concentrations (50 wt %) used in organic photovoltaic
devices. Speciﬁcally, the authors of the study observed enhanced PCBM concentrations
at both substrate and air interfaces, while some remained relatively dispersed in the cen-
ter.117,118 Furthermore, our results in Chapter 3 also shown that bulk fresh/ unannealed
PS-C60 nanocomposites can remain largely dispersed below 5 wt % loading. Moreover,
other nanoparticle systems such as quantum dots, cross-linked PS nanoparticles (8 - 10
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Figure 4.30.: (a) Reﬂectivity and (b) scattering length density proﬁles of PS(2k)-5 wt %
C60 (wafer B) before (black) and after (red) moderate thermal annealing
at 100◦C for 1 h. Black and red solid lines are ﬁts to the data respectively
for as cast and annealed ﬁlms. The as cast sample is the same sample as
illustrated in Figure 4.28a. (c) Parameters used in Parratt32 ﬁtting software
to ﬁt the data of the sample before and after moderate annealing.
nm in diameter) also show uniform distribution of nanoparticles prior to annealing. All
of the above appear to be at odds with the observation that fullerenes would segregate
completely to the solid substrate from the outset during spin coating, as shown by Yaklin
and Holmes et al., a ﬁnding that is most likely attributable to variations in spin coating
method, as discussed earlier.
4.4.3. Moderate annealing
One might now question, does annealing at intermediate temperature (not high enough
to excite spinodal clustering morphology) aﬀect the homogeneous fullerene concentration
proﬁle? Figure 4.30a depicts the reﬂectivity proﬁles of PS(2k)-5 wt % C60 (wafer B)
before (black) and after (red) thermal annealing at moderate temperature 100◦C for 1
h. The as cast sample (black) is the same sample as illustrated in Figure 4.28a. Fitting
parameters of the as cast sample based on 2 layer model are listed as follows: h1 =
1002.88 Å; ρb1= 1.505× 10−6Å−2; σ1 = 3 Å; h2 = 10.3 Å; ρb2= 2.907× 10−6Å−2; σ2 =
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0 Å.
We postulate earlier that, due to the rough nature the C60 layer, the presence of PS
within the rough layer essentially lowers the layer's scattering length density to be the
same as those in the bulk layer, i.e. the contrast of the enriched layer is lost and hence
not detected in NR. After the annealing step, there is a clear reduction in ﬁlm thickness
(h1 = 978.31 Å) and an obvious reduction in reﬂectivity at high qz, as shown by the red
reﬂectivity data in Figure 4.30a. Our initial assumption was that this would be due to
an increased ﬁlm/air roughness (σ1), but this is not conﬁrmed neither by AFM of the
ﬁlm/air interface nor by the ﬁtting of σ1 from the reﬂectivity data, which both show
that σ1 stays the same at 3Å. Furthermore, the best ﬁt to the reﬂectivity data after
annealing (using 2 layer model) gives a relatively thick (h2 = 31 Å) and rough bottom
layer (σ2 = 18.14 Å) near the substrate with a lower than usual ρb2 (2.26 × 10−6Å−2).
The top bulk layer scattering length density (ρb1) remains relatively unchanged (ρb1=
1.498 × 10−6Å−2). Clearly, after moderate annealing, some of the fullerene from the
bulk layer segregate towards the substrate, as seen in the resulting scattering length
density proﬁle in Figure 4.30b. As a result, the contrast of the C60 layer near to the
substrate is greatly improved upon moderate annealing. In order to account for the
contribution from the SiOx layer and the C60 enrichment layer separately, we revert to a
3 layer model where layer 1 denotes the bulk layer; layer 2 represents the C60 enriched
layer and SiOx is layer 3. Speciﬁcally, we retain the SiOx layer used to ﬁt the as cast
sample h3 = 10.3 Å; ρb3= 2.907 × 10−6Å−2 and allow the ﬁtting software to ﬁt the
remaining parameters which now yields: h1 = 978.3 Å; ρb1= 1.498 × 10−6Å−2; σ1 = 3
Å; h2 = 18 Å; ρb2= 2.25 × 10−6Å−2; σ2 = 15.8 Å. The ﬁtting parameters for the ﬁlm
before and after moderate annealing are tabulated in Figure 4.30c.
From the ﬁtted value of the C60 enriched layer ρb2, the fullerene weight fraction of the
1.8 nm enriched layer is 27.88 wt %. Based on simple mass balance calculations, the bulk
layer should theoretically contain 4.54 wt % of fullerenes. However, ρb1 of 1.498×10−6Å−2
translates to only 3.22 wt % in the bulk layer. The apparent discrepancy between
the experimental and theoretical mass fraction can be rationalised by the fact that the
fullerene enriched layer is very rough (15.8 Å), making the estimation of the C60 fraction
in this layer extremely diﬃcult. Furthermore, it should be added that the exact total
fullerene fraction in the spun-cast ﬁlm might deviate from those in the original casting
solution since some amount of the ﬁller may be spun oﬀ during the spinning process.
However, for simplicity, the ﬁlm fullerene loading throughout this thesis still refers to the
mass fraction to PS in the initial casting solution.
In summary, the depth concentration proﬁles of fullerenes in as cast PS-C60 nanocom-
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posites ﬁlms of various matrix Mw, substrate type, ﬁlm thickness and C60 loading were
studied using neutron reﬂectivity. However, we do not see neither a 5 nm fullerene layer
reported by Barnes et al. near to the substrate nor the uniform fullerene-rich layer located
exclusively at the substrate interface as shown by Holmes et al. Instead, we observe very
little substrate segregation in our as cast samples with majority of the fullerenes being
homogeneously distributed. Possible reasons for these discrepancies include diﬀerence in
spin coating conditions and/or the involvement of an additional moderate annealing step.
We tentatively predict a gradually increasing concentration proﬁle towards the substrate
interface where irregular fullerene clusters are present. Even though such diﬀuse C60
layer is not clearly mirrored in the reﬂectivity ﬁts of our as cast samples, its presence is
conﬁrmed with AFM after the PS-rich top layer is removed with selective solvent (image
shown later in Figure 4.35).
According to a recent study,155 nanoparticle diﬀusion in 2D-conﬁned thin ﬁlms during
thermal annealing  Tg is strongly anisotropic i.e., considerably faster in the plane of
the ﬁlm direction than that normal to the ﬁlm interface. This can be due to (i) the
attractive van der Waals interaction between C60 nanoparticles being more dominant
in the lateral direction and (ii) the vertical out-of-plane mobility of the PS chains also
being hindered by strong 2D conﬁnement eﬀects with decreasing ﬁlm thickness which
arise from polymer/substrate interface interactions,156 as the ﬁlm thickness is only up to
10 times larger than the polymer Rg for a 150 nm PS(270k) ﬁlm. In addition, nanoscale
particle diﬀusion in polymers is much faster than Stokes-Einstein prediction.79
At conditions above the miscibility threshold (1-2 wt %) and stability temperature
(140◦C), PS-C60 thin ﬁlms develop well deﬁned surface patterns which ranges from sparse
nucleation to spinodal-like morphology. The process starts with PS-fullerene phase sepa-
ration at high temperatures, followed by anisotropic association of the C60 under 2D thin
ﬁlm conﬁnement, resulting in substrate segregation of C60 and formation of micron-size
C60 crystalline nucleates (with height  diameter). Eventually, these structures excite
the vertical topography where the clusters are enveloped by PS top layer.
4.5. Inﬂuence of light on spinodal clustering
Serendipitously, we found that light plays an important role in the spinodal clustering
process and aﬀects the resulting lateral morphology. To quantify the eﬀect of light
exposure, PS-fullerene ﬁlms were meticulously prepared in a dark room, including the
solution preparation step. Films were then either kept in the dark or exposed to a
controlled dose of light intensity prior to thermal annealing experiments in a dark room.
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Figure 4.31.: Diagram illustrating the eﬀect of light exposure on the ﬁlm (145nm-
PS(270k)-5 wt %) morphology upon subsequent thermal annealing.
Both types of ﬁlms will be abbreviated as dark and light respectively in subsequent
sections.
Upon thermal annealing, the evolving lateral morphology of the light samples is
smaller in relative to dark samples, as illustrated in optical microscopy images in Figure
4.31. In addition, the vertical topography of the annealed light ﬁlms, speciﬁcally <δh>
is determined to be much shorter than dark ﬁlms, as measured with AFM (image not
shown) and specular neutron reﬂectivity experiments (see Appendix B). Left panel (a-h)
of Figure 4.32 shows the annealed ﬁlm morphology of PS(2k)-5 wt % ﬁlms of diﬀerent
thicknesses without (a, c, e, g) and with light exposure (b, d, f, h) prior annealing.
The right panel (i-p) of the ﬁgure shows the same for PS(270k)-5 wt % ﬁlms of various
thicknesses without (i, k, m, o) and with light exposure (j, l, n, p) prior annealing. The
most drastic change in the ﬁlm lateral morphology is observed for 150-nm-PS(2k)-5 wt %
ﬁlm (Figure 4.32a and b) which the surface undulations are completely suppressed with
the maximum height amplitude δh reduced from approximately 500 - 600 nm to ∼10 -
20 nm as indicated by AFM.
Dark samples (a, e, g, i, k, m, o) shown here in Figure 4.32 are the same samples
shown in the Mw-thickness morphology map in Figure 4.24. Sample light exposure
was done on the same (cut) sample with visible white light7 for 6h with maximum
irradiance of 1.34 mW/cm2 at a lowest sample-to-light distance of 12.5 mm (according
to the speciﬁcation sheet). A similar eﬀect can also be achieved with more collimated
light source like UV light8 and with ambient ﬂuorescent room light.9
7Advanced Illumination, Model DL2230, speciﬁcation sheet:
http://www.advill.com/uploads/products/DL2230+.pdf
8100W UV light at λ = 365 nm, Spectroline, Model SB-100 PA/FB, irradiance depends on working
distance but usually 0.2 mW/cm2 is used unless otherwise stated. UV irradiance was measured using
an UVA radiometer (Model RS-365, UVItec Ltd.).
9eﬀect with room light is much slower and ﬁlm morphology changes are only observed after up to 12 h
of room light exposure.
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Figure 4.32.: Light induced changes to annealed ﬁlm lateral morphology. Left panel (a-h):
optical microscopy images of annealed ﬁlm PS(2k)-5 wt % ﬁlm morphologies
of diﬀerent thicknesses without (a, c, e, g) and with light exposure (b, d, f, h)
prior annealing. Right panel (i-p): annealed ﬁlm morphology of PS(270k)-5
wt % ﬁlms of various thicknesses without (i, k, m, o) and with light exposure
(j, l, n, p) prior annealing. Dark samples (a, e, g, i, k, m, o) shown here
are the same samples shown in in the Mw-thickness morphology map in
Figure 4.24. Sample illumination was carried out on the same (cut) sample
with visible white light (1.34 mW/cm2, 6 h). All samples were cast on as
received substrates (wafer A) and annealed at 180◦C for 30 min in a dark
room.
145
4. Nanoparticle association in PNC thin ﬁlms: spinodal clustering and ﬁlm stability
0.02 0.04 0.06 0.08 0.10 0.12 0.14
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
22-nm-PS(2k)-5 wt % piranhaD
iff
er
en
ce
/S
um
q
z
 (Å-1)
  
 
1E-6
1E-5
1E-4
1E-3
0.01
0.1
1
R
ef
le
ct
iv
ity
b
 
 
0.02 0.04 0.06 0.08 0.10 0.12 0.14
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
23-nm-PS(2k)-5 wt % as received
  
 q
z
 (Å-1)
D
iff
er
en
ce
/S
um
1E-6
1E-5
1E-4
1E-3
0.01
0.1
1
R
ef
le
ct
iv
ity
a
 
 
Figure 4.33.: Eﬀect of light exposure on C60 depth proﬁle in freshly casted ﬁlms on diﬀer-
ent types of substrates. Specular reﬂectivity proﬁles 22 nm-PS(2k)-5 wt %
C60 ﬁlms casted on (a) as received silicon wafer A and (b) piranha-cleaned
Si wafer (substrate B). Black proﬁles denote data for as-cast ﬁlms while red
points represent reﬂectivity proﬁles for ﬁlms exposed to visible white light
source (1.34 mW/cm2, 6 h). The diﬀerence between the spectra before and
after light exposure is shown below the respective reﬂectivity data.
4.5.1. Fullerene concentration proﬁle
The observed light driven eﬀect is very robust as the reduction in the ﬁlm lateral mor-
phology lengthscale is still observed even the light exposure step is preceded by moder-
ate annealing (i.e. moderate annealing (100◦C) > light exposure > pattern excitation
(180◦C)). Similar trend can also be obtained with piranha cleaned silicon substrates
(wafer B) as well. To test the underlying mechanism of this mysterious eﬀect, we need to
ﬁrst know the location of the nanoparticle after light exposure and before annealing/ ex-
citation of the topography. Neutron reﬂectivity is again employed to study the fullerene
depth proﬁle of the as cast PS-C60 ﬁlms before and after light exposure as a function of
substrate type, Mw and ﬁlm thickness.
As shown in Figure 4.33a, the reﬂectivity proﬁles of a representative thin 22 nm-
PS(2k)-5 wt % C60 ﬁlms casted on as received silicon wafer A before (black) and after
visible light exposure (1.34 mW/cm2, 6 h) (red) show minimal diﬀerence between each
other. The percentage diﬀerence between the spectra before and after light exposure are
shown below the reﬂectivity data. We therefore conclude that the depth concentration
proﬁle of the fullerenes in as cast ﬁlms basically stays unchanged upon light exposure
with diﬀerent substrates (Figure 4.33) and matrix Mw (Figure 4.34).
Although neutron reﬂectivity is well suited to probe the C60 composition proﬁles nor-
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Figure 4.34.: Eﬀect of light exposure on C60 depth proﬁle in freshly-cast ﬁlms of diﬀerent
Mw. Specular reﬂectivity proﬁles (a) 95 nm-PS(2k)-5 wt % C60; (b) 110
nm-PS(270k)-5% C60 (both as received wafer A). Black proﬁles denotes re-
ﬂectivity data for as-cast ﬁlms while red points represent reﬂectivity proﬁles
for ﬁlms exposed to visible white light source (1.34 mW/cm2, 6 h). The dif-
ference between the spectra before and after light exposure is shown below
the respective reﬂectivity data. See Figure 4.32 for corresponding annealed
morphologies.
mal to the sample surface, it does not provide any direct information about the in-plane
structure of the C60 layer. Therefore, we have selectively rinsed a representative 150nm-
PS(270k)-5 wt % C60 thin ﬁlm with tetrahydrofuran (THF, non-solvent for C60; solvent
for PS) and subsequently elucidated the particle and distribution near the substrate using
atomic force microscopy (AFM) according to the methodology shown on the left panel
of Figure 4.35.
For as cast ﬁlms that were illuminated with visible white light (1.34 mW/cm2, 6h),
AFM reveals the remaining rough C60 bottom layer after the PS top phase was removed
with THF (see Figure 4.35b), as we had hypothesised in the last section despite not
reﬂected in the reﬂectivity ﬁts due to its rough nature. The mean height of the C60
layer is about 2.9 nm, with amplitude ranging from 1 nm to 5.3 nm with a RMS roughness
of approximately 1.3 nm. A qualitatively similar but relatively faint C60 layer is observed
for THF-washed as cast ﬁlms without light exposure (see Figure 4.35a). The mean height
of the layer is now 1.4 nm, up to a maximum height of 2 nm while the RMS roughness
of the imaged area is about 0.3 nm. As the C60 layer is more resistant to THF wash
after illumination, our speculation is that the chemical properties of the fullerenes could
be altered with light irradiation.
147
4. Nanoparticle association in PNC thin ﬁlms: spinodal clustering and ﬁlm stability
A
s 
ca
st
A
F
M
: 
b
o
tt
o
m
 l
ay
er
PS(270k) - 5 wt % 150 nm
a
c
thermal annealing
Mask
121.4 nm
0 nm
0 nm
2 nm
b
d
0 nm
46.9 nm
0 nm
5.3 nm
(i)
(ii)
a b
c d
dark light
A
n
n
ea
le
d
O
M
: 
to
p
 l
ay
ere
50 µm
dark
Selective dissolution with THF
AFM
light
50 µm
f
(iii)
(iv)
Figure 4.35.: Left panel: Schematics depicting the methodology of (iii) selective solvent
(THF) dissolution of PNCs ﬁlm and (iv) subsequent AFM measurement.
The cartoon illustrates the fullerene depth proﬁle of both (i) as cast and
(ii) annealed PS(270k) - 5 wt % C60 ﬁlms for both dark and light. Right
panel: AFM images show the remaining fullerene C60 bottom layer after the
removal of PS top phase with THF: (a) dark as cast; (b) light as cast; (c)
dark annealed and (d) light annealed (180◦C, 1 h). OM images of the
ﬁlm/air interface taken before THF dissolution are depicted in (e) and (f)
for dark and light annealed samples respectively. Note the scale diﬀer-
ence between the AFM (5 µm × 5 µm) and OM images (77 µm (height)× 79
µm (width)). These ﬁlms were spun casted on as received wafer A. Sample
light exposure were done on the nanocomposite samples with visible white
light (1.34 mW/cm2, 6h). Similar fullerene substrate distributions (as cast
and after annealing) are also observed for piranha cleaned wafers and ﬁlms
of lower Mw (2 kg/mol) at 5 wt % loading. Schematics on the left are not
drawn to scale.
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The cartoon representation of the fullerene depth proﬁle in both dark and light as
cast PS(270k) - 5 wt % C60 ﬁlms is shown in Figure 4.35(i), incorporating the neutron
reﬂectivity results from the previous section and the present AFM dissolution results,
for the concentration proﬁle in the bulk layer and on the substrate, respectively. Most
fullerenes are homogeneously distributed in the bulk layer, presumably with a gradient
concentration proﬁle towards the substrate interface where there is a 2 - 5 nm rough C60
layer.
Upon annealing and the development of the spinodal-like topography on the ﬁlm sur-
face, reﬂectivity measurements are no longer possible due to the top surface undulations.
In that case, the distribution of the C60 nucleates near the substrate after thermal an-
nealing is probed exclusively with AFM dissolution experiment as described above. For
dark annealed ﬁlms, the AFM image in ﬁgure 4.35c conﬁrms the presence of rough
micrometer-sized C60 nucleates underneath the PS top phase (removed during THF dis-
solution) which follow the exact spinodal coordination before dissolution and are con-
sistently lower than the initial ﬁlm thickness. On the other hand, relatively smaller,
shorter and more densely populated fullerene clusters are observed in light annealed
ﬁlms (see Figure 4.35d). The observed lateral lengthscale and coordination of the embed-
ded fullerene clusters seem to be commensurate with the optical microscopy images of the
ﬁlm/air interface taken before THF dissolution as depicted in (e) and (f) for dark and
light annealed samples respectively. The fullerene segregation also appears to increase
with annealing time and temperature, as reﬂected by the height increase of the fullerene
clusters after THF dissolution with increasing annealing time and temperature.
The cartoon representation of the C60 depth proﬁle in both dark and light annealed
PS(270k) - 5 wt % C60 ﬁlms is shown in Figure 4.35(ii). Similar C60 depth proﬁles (as cast
and after annealing) are also observed for piranha cleaned wafers and ﬁlms of lower Mw
(2 kg/mol) at 5 wt % loading (images not shown), with the segregation kinetics being
much faster in the latter. In addition, the C60 distribution should remain qualitative
similar for ﬁlms with lower C60 concentration and lower ﬁlm thickness i.e., the fullerene
number density in the bulk layer and adjacent to the substrate for both as cast and
after annealing should scale with the ﬁlm fullerene concentration and thickness.
As already shown in Figure 4.18, a selected area of the dark annealed sample in (c)
was mapped before and after dissolution to ensure that the dissolution itself was not
responsible for the clusters observed. It is however still unclear whether there is a thin
layer of C60 on the substrate between the larger clusters, as the current induced during
the THF wash could have removed them from the substrate before AFM measurement.
In addition, we also do not rule out the possibility of remnant C60 suspended in the
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dissolved/removed top layer after annealing since neutron reﬂectivity measurements were
not possible to elucidate the depth proﬁle information due to roughened ﬁlm interface
after annealing.
4.5.2. Photo-chemical transformation of fullerene C60
Since the fullerene depth concentration proﬁle in as cast ﬁlms stay unchanged upon light
exposure, the changes to the annealed ﬁlm morphology can most likely be attributed
to a change in the chemical nature of the C60 upon light exposure, hence aﬀecting its
segregation behaviour in the subsequent high temperature annealing. A previous re-
view157 and references therein indeed show that fullerenes (C60 and C70) can undergo
two photo-chemical transformation processes if exposed to UV or visible radiation, with
the processes more sensitive to UV. For the ﬁrst process, C60 fullerenes can be photo-
polymerised (process A),158 with covalent intermolecular C-C bonds formed between
fullerene molecules but only in the absolute absence of O2. Otherwise, the presence of
O2 molecule would quench the photo-excited triplet state which is a necessary precursor
to the fullerene photo-polymerisation process, i.e., leaving the C60 unpolymerised.159
The second process (process B)160 occurs when the fullerenes are simultaneously ex-
posed to oxygen and any light radiation (UV-visible range), during which the diﬀusion
rate of the O2 molecule into the (octahedral) interstitial voids in the fcc fullerene lattice
can be photo-chemically enhanced by a factor of 12 compared to that observed in the
dark, with a stoichiometry of C60(O2)x where x depends on the radiation ﬂux (mW/cm2)
and wavelength. With further radiation exposure, the walls of the octahedral void within
the fcc C60 lattice (formed by six C60 molecules) are eventually oxidised, forming oxidised
fullerenes C60(O2)x, with the C=C bond on the pristine C60 cage being replaced with two
adjacent carbonyl C=O groups. This is veriﬁed with FTIR spectroscopy in the referred
study with the emergence of a broad peak with increasing simultaneous radiation and
O2 exposure around 1750 cm−1, corresponding to the C=O stretching modes.157
Both photo-chemical processes A and B can occur (overestimated) at room temperature
and the resulting compounds: photo-polymerised fullerenes (C60)x and photo-oxidised
fullerenes C60(O2)x of process A and B respectively, exhibit distinct chemical properties
compared to its pristine form such as changes of solubility in organic solvents for e.g.
toluene. Furthermore, both processes are entirely reversible. The covalent bonds of the
photo-crosslinked C60 fullerenes of process A can be broken at elevated temperatures
(T > 100◦C), returning it to its pristine form.161 Similarly, the photo-oxygenated C60
fullerene ﬁlms can also be reversed most eﬀectively in vacuum under light irradiation,
i.e., O2 molecules are driven out of the lattice.160
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Figure 4.36.: Eﬀect of increasing visible white light exposure (irradiance 1.34 mW/cm2)
on the subsequent annealed ﬁlm morphology (180◦C, 30 min). Top row:
PS(2k)-5 wt % C60 (h = 95 nm); Bottom row: PS(270k)-5 wt % C60 (h =
110 nm). Scale bar for all: 20 µm. The ﬁlms were annealed immediately
after light exposure.
Since all of our ﬁlms were simultaneously exposed to light and oxygen (air), the
fullerene photo-polymerisation process A would be severely retarded. Furthermore, since
our annealing temperature is at 180◦C, the elevated temperature would have thermally
broken any covalent bonds formed between the polymeric fullerenes and return them to
their pristine state. Therefore, we tentatively attribute the photo-sensitivity properties
of the PS-C60 thin ﬁlms to the latter photo-oxidation eﬀect (process B). To further prove
that the observed light eﬀect is a photo-assisted oxidation process, the photo-oxidised
sample should be kept in vacuum with and without light. The light exposure should
drive O2 out of the C60 lattice into the vacuum, yielding sample that displays the usual
spinodal clustering morphology upon annealing, as it would have been in the dark. On
the other hand, the recovery process back to pristine form without light is expected to
be very slow and the sample should retain the smaller spinodal morphology as expected
of annealed ﬁlms after light exposure.
To conﬁrm our hypothesis, two ﬁlms each of 95-nm-PS(2k)-5 wt % C60 and 110-nm-
PS(270k)-5 wt % C60 were subjected to 6 h of visible white light exposure (1.34 mW/cm2).
The ﬁrst ﬁlm was subsequently kept in the dark while the other ﬁlm was continue to be
exposed. After 3 days, both ﬁlms were annealed. The ﬁlm which was kept in the dark
after visible light exposure retained the smaller spinodal morphology, as expected for 6
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Figure 4.37.: Coarsening kinetics of dominant wave number q∗ of thermally annealed
(180◦C) 44 nm and 145 nm dark and light PS(270k)-5 wt % C60 PNC
thin ﬁlms. Crucially, visible light exposure (irradiance 1.34 mW/cm2, 6h)
does not alter the coarsening kinetics apart from a shift in lengthscales and
plateau value of the morphology at long annealing times. Refer to Figure
4.32 for corresponding annealed morphologies.
h light irradiation (see ﬁlm morphology at 6h in Figure 4.36). On the other hand, the
ﬁlm subjected to longer light exposure reverts to larger spinodal clustering morphology
(see right of red dotted lines in Figure 4.36). Similar observations are also recorded for
continuous light exposure of 5 days. Although it was done in ambient conditions, not
in vacuum, it is likely that there is some degree of reversibility of the photo-oxidation
process. The time between light exposure and annealing is not important provided that
the ﬁlms are stored in the dark during this period. The morphology of ﬁlms annealed 21
days after light exposure (kept in dark) remains identical to those annealed immediately
after light exposure (images not shown).
Finally, we examine the eﬀect of visible white light (irradiance 1.34 mW/cm2, 6h) on
the lateral morphology lengthscale and the associated coarsening kinetics, particularly
the coarsening exponent α, structure plateau value after very long annealing times and
the corresponding time scale when the structure growth becomes pinned. Figure 4.37
shows the coarsening kinetics of dominant wave number q∗ of thermally annealed (180◦C)
44 nm and 145 nm dark and light PS(270k)-5 wt % C60 PNCs thin ﬁlms, extending
the measurement timescale (up to 58h) to the similar results we presented earlier in
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Figure 4.16. The time dependence of q∗ are computed as the peak maximum of the
radially averaged FFT of the optical microscopy images captured in real-time, following
image analysis procedure depicted in Figure 4.11a.
We ﬁrst discuss the dark samples. For the 145 nm PNC thin ﬁlm, the structure
wavenumber scales with t−α which α = 0.22. Towards the late stage regime, the struc-
tural evolution is very slow and eventually becomes pinned at λ∗∞= 9.6 µm after ap-
proximately 5 h. With decreasing ﬁlm dimension of 44 nm, α decreases from 0.22 to 0.13
and λ∗∞= 4.87 µm after approximately 12h (see Figure 4.37). The somewhat smaller
plateau value and the longer time for the structure to be pinned with decreasing ﬁlm
thickness suggests similarity between the current PS-fullerene association process with
2D binary phase separation in polymer thin ﬁlms, which shows a similar trend.144,147
For light ﬁlms, the scaling laws of the structure coarsening kinetics remain unchanged
compared to dark ﬁlms for a given ﬁlm thickness but there are downward shifts in the
morphology lengthscales, the plateau wavelength λ∗∞ and its onset time scale of structure
pinning. For 145 nm, the growth of the structure becomes very slow at λ∗∞= 4.8 µm after
45 min. For 44 nm ﬁlms, λ∗∞= 2.5 µm after 2h (see Figure 4.37). The distinct structure
coarsening kinetics and pinning with and without illumination provide a powerful means
of morphological control. Future work is necessary to established whether the plateau
wavelength λ∗∞ and the pinning time scale can be altered with increasing light dosage
and with diﬀerent radiation type.
4.6. Light driven dewetting suppression in PNC thin ﬁlms
4.6.1. Polymer thin ﬁlm dewetting
Ultra thin polymer ﬁlms (h < 100 nm) have numerous technological applications in sen-
sors, adhesives and dielectric coatings in microelectronics. However, ﬁlm dewetting from
substrates often limits its increasing applications. Many reports in literature123127 have
investigated the fundamental dewetting mechanisms of thin polymer ﬁlms on solid sub-
strates, mostly with polystyrene on silicon substrates with a native oxide layer typically
around 2 nm.
Dewetting essentially involves four diﬀerent stages: (i) ﬁlm instability through ther-
mally induced thickness ﬂuctuations; (ii) growth and (iii) coalescence of holes, forming
voronoi tessellation patterns (polygons with an average six edges); eventually in the late
stage (iv) the polymer threads which forms the polygons decay into spherical drops due
to Rayleigh instability. There are two possible ﬁlm rupture mechanisms leading to the
same ﬁnal polygonal structure of droplets, from which no information of the dewetting
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mechanism can be learned. The dewetting mechanism depends on the ﬁlm thickness
and substrate surface energy. For ﬁlm thickness h < 10 nm, spinodal dewetting126,127
takes place with the thermal surface ﬂuctuations exponentially ampliﬁed, resulting in a
bicontinuous structure with a characteristic wavelength that scales with h2. PS ﬁlms on
substrates covered with native oxide layer only dewet spinodally up to ﬁlm thickness of 3
nm127 which is well below the thickness range of our present study. Dewetting of thicker
ﬁlms can be driven via a second mechanism: nucleation of holes which are initiated by
imperfections in the ﬁlm such as dust particles (heterogeneous nucleation or thermal
nucleation). The diﬀerence between the two is that for thermal nucleation, nucleation
happens continuously, producing random holes of diﬀerent sizes, whereas heterogeneous
nucleation yields randomly distributed holes of similar size within a sharp time window.
We consider the eﬀective interfacial potential Φ(r): the total (short and long range)
interactions acting across a polymer thin ﬁlm sandwiched between a substrate and
air which governs its stability. For two inﬁnite interfaces: polymer/substrate and poly-
mer/air interfaces, Φ(r), also deﬁned as the excess free energy of per unit area is:
Φ(r) = 2piCρ2/[(n− 2)(n− 3)(n− 4)rn−4] (4.16)
where C is the interaction strength, ρ is the number density of the atoms in the solid
and r is the distance from the surface which can be replaced by ﬁlm thickness h. There
are two relevant types of interactions in this system: (i) short range steric repulsions
which are signiﬁcant only up to a few Å and scales as 1/h8 for n = 12 in Equation 4.16.
(ii) long range van der Waals interactions. Assuming only non-retarded van der Waals
forces in a thin ﬁlm geometry (h < 100 nm), the van der Waals interfacial potential
is Φ(h) = −A/(12pih2) for n = 6 in Equation 4.16. A = pi2ρ1ρ2C is the Hamaker
constant deﬁning the magnitude of the force which is typically 10=20 - 10=19 J. The sign
of the Hamaker constant indicates if the molecules in the ﬁlm are more attracted to the
substrate (A < 0) or to each other (A > 0). For A < 0, the van der Waals forces between
the polymer/air and polymer/substrate interfaces are repulsive. The ﬁlm minimises the
free energy by increasing its thickness, pushing the ﬁlm towards the substrate and thus
the ﬁlm is wets the surface. For A > 0, the van der Waals forces are attractive. The ﬁlm
reduces its free energy by decreasing its thickness, pulling the ﬁlm towards each other
i.e., the ﬁlm becomes unstable and dewets the surface. The van der Waals forces are
long-range forces and are signiﬁcant for distances up to about 100 nm due to the 1/h2
dependence of the interfacial potential.
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4.6.2. Inﬂuence of nanoadditives on ﬁlm stability
Due to the technological importance of thin ﬁlm stability, various approaches have been
adopted to preserve thin ﬁlm's wetting behaviour on the substrate. Contrary to the
normal eﬀect of enhanced dewetting (nucleation) by the presence of impurities and other
ﬁlm defects, the addition of nanoadditives can have an unexpected eﬀect of eliminating
polymer thin ﬁlm dewetting and this unique phenomenon seems to be generally applicable
to many nanoparticle systems. This has since been an active research area in recent years
but the understanding of the underlying physics by which nanoparticles aﬀect the ﬁlm
stability is not yet clear.
It is generally accepted that the formation of a nanoparticle monolayer or diﬀuse layer
next to the substrate interface is a prerequisite for dewetting suppression phenomenon
observed in polymer nanoparticle thin ﬁlm mixtures. The nanoparticle layer can (a)
shield and alter the polymer-substrate interaction energy which is crucial to thin ﬁlm
stability.112,133 and/or (b), which we favour, kinetically pin the contact lines of nucleating
holes formed during dewetting.111,131
Whether the nanoparticles are present at the substrate initially (as-cast) or segregate to
the surface upon thermal annealing is of secondary importance, since both scenarios have
been shown to suppress dewetting. For example, recent experiments112,132135 have shown
that a wide range of nanoparticles are in fact uniformly dispersed within the polymer
thin ﬁlms after spin coating. Upon annealing above Tg, these nanoparticles segregate
to the substrate if entropic forces are dominant, hence promoting thin ﬁlm stability.
By tuning the dispersion forces or surface energy, other nanoparticles can be driven
to the air interface instead if the enthalpic forces are dominating against it's entropic
counterpart. However, the usefulness of such nanoparticle layer at the air interface in
dewetting suppression is still a subject of debate, with some nanoparticle systems shown
to promote wetting133 while others does not.129 Also, ﬁlm dewetting is not inhibited
when linear oligomers instead of spherical nanoparticles are added to the same PS ﬁlm,
reinforcing the eﬀect of additives molecular architecture on the dewetting suppression
phenomenon.
According to Mackay and co-workers,31,136,137 the translational entropy loss of the
constrained nanoparticle at the substrate can be estimated by kBT for each nanoparticle,
where kB is Boltzmann's constant and T is temperature, while each nanoparticle gains
an enthalpic contact energy of [a/σ]2×  when dispersed, where a is nanoparticle radius;
σ is monomer size and  is the interaction/ insertation energy between nanoparticle and
polymer. Therefore, if nanoparticles are to segregate towards the substrate interface,
they would suﬀer both translational entropy and mixing enthalpy losses which can only
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be oﬀset by the conformational entropy gain experienced by the polymer chains when
released from the substrate constraint. The conformational entropy gain of the polymer
chain is estimated as αkBT (a/σ)3 where α is the degree of freedom of the polymer far
away from the substrate. In short, segregation only occurs when the nanoparticle mixing
enthalpy and translational entropy losses are smaller than the polymer conformational
entropy gain. Larger nanoparticles tend to lose less entropy near the substrate wall
and hence are more susceptible to surface segregation than smaller nanoparticles upon
thermal annealing.
The eﬀect of nanoparticle size on the stability of ﬁlms of various thicknesses was
in fact explored extensively by Krishnan et al.,132,133 utilising a system consisting of
crosslinked hPS nanoparticles (diameter ≈ 6.2 nm) and deuterated dPS(63k) (Rg ≈ 6.9
nm). Even with an initial uniform distribution, larger PS nanoparticles are shown to
be more eﬀective in dewetting inhibition in comparison to the smaller PS nanoparticles
due to the larger nanoparticles' greater tendency to segregate towards the substrate
upon annealing due to entropic forces. The relationship between the ﬁlm thickness,
nanoadditives loading and the characteristics of the segregation layer after annealing has
also been reported. Essentially, the nanoparticle fractional substrate coverage (ϕ) can be
increased with the following two scenarios: (a) with increasing nanoparticle loading at
a ﬁxed thickness and (b) with increasing ﬁlm thickness at a ﬁxed nanoparticle loading.
The nanoparticle segregation appears to happen regardless of substrate treatment.
Now we consider smaller nanoparticles like C60 fullerenes (diameter ≈ 1 nm) in relation
to our work. For a representative 150-nm hPS(270k) and hPS(2k) ﬁlms containing 5 wt
% C60, we observe using neutron reﬂectivity and AFM after selective dissolution that
majority of the fullerenes are homogeneously distributed, with a rough 2 - 5 nm layer next
to substrate observed with AFM after THF dissolution. The largely homogenised system
is rationalised with the entropic penalty to the system being suﬃciently small. Upon
annealing, the fullerene sizes increase, so does the entropic penalty to the overall system.
AFM selective dissolution experiments reveal substantial fullerene segregation next to
the substrate with the embedded fullerene layer thickens with increasing annealing
time. Images for PS(2k)-C60 are not shown as it shows similar fullerene distribution to
270 kg/mol at 5 wt % as revealed by AFM, see Figure 4.35c, d. Similar entropic-driven
fullerene segregation behaviour is also observed for annealed samples on both as received
(A) and piranha treated (B) wafers, thus ruling out possible substrate energy eﬀect on the
fullerene depth proﬁles. It is however, still unsure whether C60 do completely segregate
to the substrate interface during thermal annealing as the fullerene depth concentration
in the bulk layer cannot be assessed by both neutron reﬂectivity and AFM dissolution
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experiment in the annealed state. Neutron reﬂectivity experiment was not possible for
its highly undulating interface after high temperature annealing while AFM dissolution
experiment only reveal the fullerene distribution next to the substrate after the bulk
layer is washed away. For ﬁlms with lower thicknesses and fullerene loading, the fullerene
number density in the bulk layer and adjacent to the substrate should scale with the ﬁlm
thickness and fullerene loading, similar to the hPS nanoparticle- dPS system mentioned
in the previous paragraph.
4.6.3. Light driven thin ﬁlm stabilisation eﬀect
Substrate surface energy is an important factor for ﬁlm stability particularly in the
low thickness and low Mw regime. With favourable substrates such as piranha treated
wafers (B) and as received silicon wafers (A), ﬁlm destabilisation does not happen for
a representative 35 nm PS(2k)-5 wt % C60 ﬁlm even at high temperature annealing
(180◦C). Instead, a spinodal clustering morphology is observed as shown on the left
side of Figure 4.38a for an as received substrate A. We have shown in the last section
that sample illumination can reduce the spinodal clustering lengthscale upon subsequent
annealing, as conﬁrmed on the right side of Figure 4.38a.
An identical ﬁlm cast on another type of substrate with lower energy substrate Bsw
and kept in the dark dewets upon thermal annealing, as seen on the left side of Figure
4.38b. Substrate Bsw was piranha cleaned but was rinsed with stored water instead
of clean deionised water upon removal from the piranha bath and ﬁnally blow dried
with nitrogen gas before use. Since the substrate surface energy is very high immediately
after piranha treatment, rinsing with stored water could recontaminate the wafer, thereby
yielding a slightly lower (intermediate) surface hydrophilicity. Another possible reason
for the observed dewetting behaviour is the contamination of residual water layer on the
substrate124 since the spin coating of the ﬁlm was done no later than 5 minutes after
piranha treatment and nitrogen drying. Note that substrate Bsw is not to the same
as substrate B. Remarkably, if thermal annealing was preceded with a controlled UV
light exposure (λ = 365 nm, intensity 0.2 mW/cm2, 6 h), there is yet another pleasant
surprise that the ﬁlm stays intact as highlighted on the right side of Figure 4.38b. Sample
illumination with either visible or UV light was carried out using the setup portrayed in
Figure 4.39 in which a mask was used to deliberately block the incoming light on the left
side of the ﬁlm (dark side) while the right side of the ﬁlm remained exposed (light
side). A subsequent thermal annealing step was carried out concurrently, yielding the
contrasting ﬁlm stability on both sides of the sample. It is also worth pointing out that
an unusual dewetting pattern is present on the dark side of the ﬁlm of Bsw. This would
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Figure 4.38.: Eﬀect of substrate treatment. Polystyrene ﬁlms (2 kg/mol) with 5 wt %
C60; h ≈ 35±1 nm ﬁlm on wafer A, Bsw, C with decreasing substrate
energies (see text for details of each substrate treatment). The magniﬁed
view of the small inset images (labelled * and #), are depicted in Figure
4.32g and h in the same scale. Light exposure on samples on substrate A
was carried out on two identical cut sample with visible white light (1.34
mW/cm2, 6 h) while samples on wafer Bsw and C were exposed to UV light
(λ = 365 nm, 0.2 mW/cm2, 6 h) based on the setup depicted in Figure 4.39
below. All samples were annealed at 180◦C for 30 min and the resulting ﬁlm
morphologies were captured using optical microscopy in reﬂection mode.
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imply that the combination eﬀect of the presence of fullerenes (5 wt %) and substrate
variant wetting properties leads to diﬀerent dewetting mechanism.
Next, for a substrate with the most adverse wetting properties (substrate C) in this
study, the same thin polymer ﬁlm dewets instantly upon annealing at 180◦C on the
dark side, depicting the usual Voronoi tessellation patterns as seen on the left side of
Figure 4.38c. Substrate C was prepared by soaking the silicon wafer in toluene overnight
and dried in ambient conditions for prolonged period, picking up airborne contaminants
and micro dust particles in the process before spin coating. In spite of this, a complete
ﬁlm dewetting inhibition is still observed on the right side of the ﬁlm which was exposed
to a same dose of UV radiation prior thermal annealing.10
We now address the origin of the dewetting suppression eﬀect, starting with the
dark nanocomposite ﬁlms, followed by the light counterpart. A substrate cover-
age of nanoparticles of approximately monolayer or above is thought to be required for
dewetting inhibition. Assuming the complete segregation of fullerenes to the substrate
interface,11 the nanoparticle fractional substrate coverage (ϕ) can be estimated based on
a simple mass balance below:
ϕ = (h/2a)φ (4.17)
where h is the ﬁlm thickness, a is the nanoparticle radius and φ is the ﬁlm nanoparticle
volume fraction. The calculated ϕ for 5 wt % (3.18 vol %) ﬁlm is ≈1.11,12 indicating
that a complete substrate coverage of fullerenes is possible at 5 wt % loading. For ﬁlms
cast on substrate A, conditions at 180◦C is severe enough to break up ∼35 nm neat PS
ﬁlms within 1-2 min, so the dewetting suppression eﬀect in the dark nanocomposite
ﬁlm is thought to be a result of the substrate segregation kinetics of the dispersed C60
in the bulk layer being much faster than the ﬁlm dewetting kinetics, hence forming the
spinodal clustering morphology and yet stabilising the ﬁlm at the same time. According
to the Stokes-Einstein relation, the approximated diﬀusion coeﬃcient of the C60 in 2750
10Deionised water contact angle (advancing, receding and static) were measured on all substrates (A,
B, Bsw and C) with a Kruss DSA 10-MK2 (Kruss Optronic, Hamburg, Germany) and the contact
angles were analysed with a drop shape analysis system. The water static contact angles for all four
substrate types, in the order of A, B, Bsw and C are 27, 15, 28 and 29◦. It is surprise to see that the
static angles do not change much and stay within 15-30◦. However, advancing angle increases from
40◦ for wafer A to 63◦ for wafer Bsw and up to 90◦ for wafer C. The advancing angle for wafer B
stays the same as its static angle (∼15◦) as the DI water drop spreads instantly on the surface after
deposition.
11The assumption of complete C60 segregation to the substrate interface during thermal annealing has
not been conﬁrmed experimentally.
12ϕ = 1 denotes densely packed monolayer of nanoparticles on the substrate.
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g/mol PS melt at 180◦C is ∼8.35 × 106 nm2/s.13 For a 35 nm ﬁlm, the fullerenes can
segregate to the substrate within seconds, verifying that the segregation kinetics of the
C60 are much faster than the ﬁlm dewetting kinetics. It must also be noted that this
already very fast C60 diﬀusion could still be underestimated as a recent study shown that
nanoparticles can actually diﬀuse up to 200 times faster than predicted by Stokes-Einstein
relation.79 For substrate Bsw and C, the ﬁlm stability is aﬀected by the much faster ﬁlm
dewetting kinetics, as expected at 180◦C on substrates with lower surface energies. As
a result, the ﬁlm breaks up before the dispersed C60 in the bulk could segregate to
the substrate interface to stabilise the ﬁlm. In short, the resulting ﬁlm stability on the
dark side depends on the formation speed of the C60 coverage layer relative to the ﬁlm
dewetting kinetics upon thermal annealing. The formation speed of C60 substrate layer
is independent of substrate energy but the dewetting kinetics does.
Although dewetting in 5 wt % ﬁlm is completely eliminated on the illuminated (right)
side of the ﬁlms of all substrate types (A, Bsw and C), the underlying mechanism is still
unclear. We postulate that the photo-oxidised C60 have diﬀerent chemical properties
and could interact diﬀerently with each other and also with PS, resulting in diﬀerent
segregation behaviour compared to its pristine state upon thermal annealing. The photo-
oxidised C60 appear to diﬀuse less in the lateral direction upon annealing. This yields a
shorter and densely populated fullerene substrate layer which enhances the stability of
the light ﬁlms. In addition, the interactions between the photo-oxygenated fullerenes
or with PS could also mimic a cross linking eﬀect which slows down the ﬁlm dewetting
kinetics, allowing more time for C60 to diﬀuse gradually to the substrate interface thereby
further enhancing the ﬁlm stability. Much work is needed especially with Raman, infra
red and mass spectroscopy techniques to conﬁrm the proposed mechanism above.
In order to ascertain the mechanism behind this light driven ﬁlm stabilisation eﬀect
and to map out the initiation parameters of the process, we have performed experiments
on nanocomposite thin ﬁlms of similar thicknesses (35±3 nm) with lower C60 loadings
and at various annealing temperatures. Film light exposure was carried out based on the
setup schematised on the left panel of Figure 4.39 before a step wise annealing at 100◦C,
120◦C, 140◦C, 160◦C and 180◦C for 30 min each. The resulting ﬁlm morphologies of
selected annealing temperatures observed with reﬂection optical microscopy are presented
13The viscosity of water is 0.1 Pas at room temperature; while polymers typically have viscosity in
the range of 10−1- 105 Pas depending on Mw and temperature. In our experiments at 180◦C, PS
with Mw = 100000 g/mol has η ∼ 1 ×104 Pas. Considering that η ∝ Mvw with v ∼ 1 below the
critical entanglement molecular weight MC and v ∼ 3.4 above, (MC ≈ 10000 g/mol for PS) the
viscosity for PS 270000 g/mol and 2750 g/mol are ∼ 2.9×105 Pas and ∼ 0.08 Pas, respectively. The
calculated diﬀusion coeﬃcient for PS 270000 g/mol at 180◦C is ∼ 2.3 nm2/s which is about 6 orders
of magnitude lower compared to that of 2750 g/mol.
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Figure 4.39.: Light driven ultra-thin-ﬁlm stabilisation. A schematic model describing
the sample light exposure setup. Low Mw (2 kg/mol) neat polystyrene and
nanocomposites ﬁlms (h = 35±3 nm) on intermediate substrates (Bsw)
were exposed to UV light (λ = 365 nm, 0.2 mW/cm2, 3 h) before being
annealed at 100◦C, 140◦C and 180◦C for a 30 min interval each. Apart from
the neat polystyrene ﬁlm which dewets on both sides regardless of light
exposure, ﬁlm stability is gradually improved with increasing C60 loading,
and dramatically on the illuminated side.
in Figure 4.39.
The left panel of Figure 4.39 shows that neat PS still dewets upon annealing at 180◦C
even after light exposure, conﬁrming that this eﬀect is indeed caused by the fullerene
content within the polymer thin ﬁlm. With increasing C60 loading in the ﬁlm, the ﬁlm
dewetting is gradually suppressed especially on the light side, which is almost com-
pletely stable at 2 wt % fullerene loading at all annealing temperatures. The theoretical
nanoparticle substrate coverage for 1 wt % (0.63 vol %) and 2 wt % (1.26 vol %) is
0.22 and 0.44, respectively. In other words, incomplete coverage layer is formed even by
assuming all fullerenes in the ﬁlm segregate to the substrate interface14 upon thermal
annealing. Nevertheless, the ﬁlm dewetting dynamics of dark ﬁlms is retarded with in-
creasing C60 loadings: from the expected polygonal droplets at 0 % to Voronoi polygonal
ﬁbrils at 1 wt % to nucleating holes at 2 wt %, see middle and right panel of Figure 4.39.
14An assumption which is yet to be veriﬁed.
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Figure 4.40.: Temperature-concentration ﬁlm stability phase diagram for substrates with
increasing hydrophobicity (left to right). Substrate A stands for as received
silicon wafers; substrate Bsw represents piranha treated silicon wafers,
rinsed with stored water and substrate C denotes silicon substrate that
was contaminated with airborne substances and dusts. All ﬁlm thicknesses
are approximately 35 ± 3 nm. Films were exposed to UV (λ = 365 nm,
0.2 mW/cm2, 3 h) before being annealed at temperature indicated in the
graph for a 30 min interval each.
The smaller average size of the holes with increasing C60 loading emphasises the partial
dewetting suppression eﬀect via pinning of contact lines of nucleating holes induced by
the irregular/ incomplete C60 layer next to the substrate interface.
The experiments above were conducted on intermediate substrate Bsw. Similar exper-
iments were also repeated with substrate A and C, at both extremes of the substrate
hydrophilicity and the results are summarised in the ﬁlm stability diagram, shown in
Figure 4.40. For more favourable substrate (A), dewetting is essentially eliminated com-
pletely at 1 wt % after light exposure. Hence, unlike dark ﬁlms, complete stability of
light exposed ﬁlms does not require the criteria of complete fullerene substrate cover-
age i.e. ϕ≥ 1. Therefore, it appears that the our hypothesised cross linking eﬀect is
suﬃcient to stabilise the ﬁlms on its own.
Selected experiments were also conducted at lower ﬁlm thickness (h∼20 nm on sub-
strate A), as shown in Figure 4.41. After annealing at 180◦C for 30 min, thinner dark
PNCs ﬁlms are expectedly more prone to dewetting even on favourable substrate A, as
seen in the top panel of Figure 4.41. At fullerene loading ≤ 2 wt %, nucleating holes
are observed in comparison to the polygonal droplets in the neat ﬁlm, indicating that
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Figure 4.41.: Film stability of 20-nm-PS(2k) ﬁlms containing various C60 loadings after
thermal annealing at 180◦C for 30 min, showing that the light driven dewet-
ting suppression eﬀect relies on the amount of fullerenes in the ﬁlm. Film
light irradiation were done with an UV light source (λ = 365 nm, intensity
0.2 mW/cm2, 6 h) prior annealing. Arrows indicate dewetting holes.
although unstable, the ﬁlm dewetting kinetics are slowed down. At 3 wt % onwards, the
ﬁlms are almost completely stable, with only sparse nucleating holes (as indicated with
arrows) and the emergence of fullerene clustering morphology. The size and number
density of the dewetting holes decrease with increasing C60 concentration, again sub-
stantiating that the fullerenes are kinetically pinning the dewetting holes as they are
formed.
Interestingly, as demonstrated in the lower panel of Figure 4.41, the ﬁlm stability is not
greatly improved after UV light irradiation (λ = 365 nm, intensity 0.2 mW/cm2, 6 h),
apart from a slight decrease in size and growth kinetics of the nucleating holes at 1 and 2
wt % and the decrease in clustering lengthscale for > 3 wt % since they are already quite
stable in the dark. It is noted that thicker (35 nm) 1 wt % ﬁlm on the same substrate A
yields completely stable ﬁlms after UV light exposure (see Figure 4.40). This intriguing
observation can be rationalised by the fact that thinner ﬁlms contain much less C60 in
comparison to thicker ﬁlms, demonstrating that the light driven dewetting suppression
eﬀect relies on the amount of fullerenes in the ﬁlm.
This speciﬁc ﬁlm stabilisation eﬀect can also be achieved with other light sources,
including ambient lights in the laboratory, although the required intensity/ exposure
duration will be substantially higher compared to UV light. Therefore, if not prop-
erly controlled, such visible light exposure to fullerene ﬁlled ﬁlms is inevitable at some
stage of sample preparation, from ﬁlm spin coating to the annealing experiment itself.
Therefore, it is highly possible that some of the dewetting suppression eﬀects observed
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in fullerene ﬁlled polymer thin ﬁlms on low energy (silanised) substrates in previous
literatures111,128,129 could be inﬂuenced by the light driven phenomena above.
The light driven dewetting suppression eﬀect is apparently only speciﬁc to fullerene
based PNC systems and not to other polymer-nanoparticle systems. Nonetheless, the
discovery of this novel photo-sensitivity property of polymer-fullerene nanocomposites
could lead to another simple route to suppressing thin ﬁlm dewetting, a ﬁnding with
important ramiﬁcations in both intellectual and practical aspects.
4.7. Processing parameters
Throughout this study, various sample processing parameters that could aﬀect the re-
sulting thermally excited pattern formation in PS-fullerene thin ﬁlms have been studied,
from the initial solution state (solution stirring and sonication) to processing (spin coat-
ing, ﬁlm drying). It is important to ensure that the resulting pattern formation is self
consistent within a set of optimised processing conditions, much like the characterisation
study done with the bulk system in Chapter 3.
Firstly, the good dispersion state of the fullerene in solution is conﬁrmed by dynamic
light scattering (Malvern) of dilute C60 fullerene-toluene solution (0.2 wt % of fullerene
relative to toluene) where size distributions of predominantly 1 nm are obtained within
the time frame of our preparation protocol. Comprehensive dynamic light scattering
measurements on fullerene-toluene and PS-fullerene-toluene solutions of various concen-
trations are currently underway within the group, covering other stages along the sample
preparation route.
Unexpectedly, solution sonication is found to be unimportant as the cluster size and
ﬁlm morphology upon annealing as well as the sensitivity to light irradiation are un-
changed for ﬁlms cast from unsonicated solutions. The present thin ﬁlm results also
corroborate our observations in the corresponding bulk systems in which the bulk Tg
does not change with sonication time. On the other hand, solution stirring after soni-
cation is found to be important, as fractal-like aggregates, instead of spherical shaped
clusters are observed upon annealing if not stirred.
We are aware that fullerene solutions are sensitive to UV-visible radiation so all solu-
tions in this work were kept out of light throughout the preparation (stirring, sonication
etc.) by wrapping the solution vials with aluminium foil until the spin coating stage.
Having said that, the eﬀect of light exposure on PS-C60-toluene solutions was tested. Us-
ing the annealed morphology of the resulting cast ﬁlm as a probe, no diﬀerence is found
for ﬁlms casted from PS-C60-toluene solutions that were kept in the dark or exposed to
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visible light. Experiments exploring similar eﬀects on the stability of the resulting spun
cast ﬁlm were not carried out. Changes in the ﬁlm stability, it any, are expected to be
better for ﬁlms cast from light irradiated solutions in comparison to solutions kept in the
dark (current practice).
Variation in spin coating conditions such as spin speed and waiting time between so-
lution deposition and spinning are not changing the spinodal clustering morphology and
stability of the resulting ﬁlms upon thermal annealing. Similarly, ﬁlm drying (in ambient
or in vacuum) has no eﬀect on the spinodal clustering morphology and dewetting sup-
pression behaviour but throughout the study, PS-C60 nanocomposite ﬁlms are annealed
or subjected to light irradiation after drying in ambient conditions (in the dark) for at
least one day.
4.8. Summary and discussion
Fullerene association in PS thin ﬁlm mixtures
PS-C60 nanocomposite thin ﬁlms above the miscibility concentration are shown to de-
velop well-deﬁned surface patterns, upon isothermal annealing above Tg. The pattern
formation ranges from sparse nucleation to coordinated spinodal-like morphology at suf-
ﬁciently high C60 loading (∼ 5 wt %) and/or long annealing times, hence the name
spinodal clustering. Thin ﬁlm conﬁnement alters the symmetry of the fullerene asso-
ciation process and results in the undulation of the ﬁlm surface, whereby the polymer
covers the C60 clusters. As a result, the resulting coarsening kinetics of the morphology
wavelength λ∗ scales as tα where α is thickness dependent. α is 1/3 for a relatively thick
PNC ﬁlms (h = 170 nm) and gradually decreases to essentially 0 for a 20-nm-thick PNC
ﬁlm.
A mechanistic understanding of fullerene association and pattern formation has been
established by quantifying the key stages of the process in terms of the evolution of
the cluster average radius <r>, cluster number density Nd, cluster area fraction Af ,
dominant wavelength λ∗ and average amplitude <δh > with time. Experiments on the
early stages of the process at low temperatures show that the patterns stem from a
common C60 association mechanism, starting with a nucleation and growth step and
eventually percolating into a spinodal like lateral morphology which follows well deﬁned
coarsening scaling laws. The aforementioned pattern features of the spinodal clustering
process can be precisely controlled by processing parameters such as temperature, time,
ﬁlm thickness and molecular mass. Fullerene crystallisation is adequately described by
Avrami kinetics in 2D, with the crystallisation rate constant follows the temperature
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dependence of the viscosity of PS, suggesting simple Stokes Einstein diﬀusion of the
clusters through the polymer matrix. We interpret this behaviour as the phase separation
between PS and C60 under 2D conﬁnement, followed by the coordinated C60 association
and substrate segregation at high temperatures, forming C60 crystalline phase. The
spatial heterogeneity within the structure gives rise to a surface tension modulation
which then causes the ﬁlm surface to undulate, resulting in well deﬁned ﬁlm topography,
where PS smothers the C60 clusters attached to the bottom surface.
We ﬁnd the spinodal clustering process to be robust to various substrate types, in-
cluding piranha treated substrates and many other ﬁlm processing parameters such as
ﬁlm drying, solution sonication etc. However, light (visible and UV) was found to play
an important role in the spinodal clustering morphology. Photo-transformation of the
annealed ﬁlm morphology can most likely be attributed to a change in the chemical
nature of the fullerenes as a result of a photochemical/ photo-oxidation process when
simultaneously exposed to oxygen and UV-visible radiation, thus aﬀecting its segrega-
tion behaviour in the subsequent high temperature annealing. The scaling laws of the
structure coarsening kinetics in light ﬁlms remain unchanged compared to dark ﬁlms
for a given ﬁlm thickness but there are downward shifts in the morphology lengthscales,
the plateau wavelength λ∗∞ and its onset time scale of structure pinning.
A combination of neutron reﬂectivity and AFM selective dissolution experiments were
conducted to elucidate the fullerene location and segregation behaviour in the ﬁlms be-
fore and after thermal annealing. For as cast ﬁlms, most fullerenes are homogeneously
distributed in the bulk layer, presumably with a gradient concentration proﬁle towards
the substrate interface where there is a 2 - 5 nm rough C60 layer. The fullerene depth
proﬁle in as cast ﬁlm is found to not change with light exposure. Upon annealing, for
dark ﬁlms, micrometer-sized C60 aggregates are found to anchor on the substrate and
retain the exact spinodal coordination as on the visible air interface. As for light ﬁlms,
relatively smaller, shorter and more densely populated fullerene clusters are observed
adjacent to the substrate. The fullerene depth proﬁle of both as cast and annealed ﬁlms,
respectively, remain qualitatively unchanged for diﬀerent substrate types (for e.g. piranha
treated wafers) and diﬀerentMw, with the segregation kinetics being much faster for low
Mw matrix. The amount of fullerenes within the ﬁlms should be proportional to the ﬁlm
thickness and C60 concentration. Cartoons illustrating the fullerene concentration proﬁle
varying diﬀerent parameter spaces are presented in Appendix B.
This PS-fullerene model system study provides clear strategies for the quantitative
control of pattern formation in polymer nanoparticle mixtures, relevant to structured
composites, coatings and photovoltaics. Engineering the component miscibility and the
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resulting structure connectivity should permit ﬂexible tuning of association length and
time scales for numerous nanocomposite applications.
Dewetting suppression in PNC thin ﬁlms
With numerous experiments, in particular using AFM, we have distinguished the scaling
and kinetics between the current spinodal clustering observation from spinodal dewet-
ting, conﬁrming that the current spinodal clustering pattern formation is not associated
to a dewetting process. In fact, C60 fullerenes are shown to actually suppress the dewet-
ting of (low Mw) polymer thin ﬁlms. Diﬀusion of nanoparticles in thin ﬁlms is shown
to be faster than Stokes-Einstein prediction and also very anisotropic, i.e., considerably
faster on the plane of the ﬁlm than orthogonally, due to signiﬁcant lubrication forces in a
conﬁned geometry. Therefore, besides exciting well deﬁned ﬁlm morphologies, the forma-
tion of nanoparticle layer at the substrate interface also provides a stabilisation eﬀect to
the low Mw ﬁlm provided that the fullerene segregation is faster than the ﬁlm dewetting
kinetics during annealing. The dewetting suppression eﬀect happens between 1 - 2 wt %
fullerene loading for h = 35 nm PS(2k). This is indeed very close to the threshold aggre-
gation concentration (φc) obtained experimentally in Chapter 3 in the bulk albeit with
higherMw PS(270k). This suggests that the onset segregation concentration remains the
same with diﬀerent matrix Mw and conﬁnement geometry, closely relating the dewetting
suppression eﬀect with the nanoparticle segregation behaviour within the ﬁlms.
With lower substrate surface energy, the ﬁlm dewetting kinetics is much faster than
the segregation kinetics of the fullerenes; With lower C60 loading or ﬁlm thickness, the
amount of fullerene in the ﬁlm is insuﬃcient to form a complete coverage layer (i.e., ϕ <
1), the (lowMw) nanocomposite thin ﬁlms still dewet. In this case, ﬁlm dewetting can be
suppressed or completely eliminated with UV-visible light exposure prior to annealing,
depending on the amount of fullerenes in the ﬁlm. The underlying mechanism to this
important and fascinating observation is still unclear but it is probably due to the speciﬁc
interactions of the photo-oxidised fullerenes with each other or with the PS matrix which
slows down or arrests the dewetting kinetics (cross-linking hypothesis). Much work is
needed in order to ascertain the mechanism behind this light driven thin ﬁlm stabilisation
eﬀect.
A comparison between the C60 growth kinetics in PS(270k) in the bulk, obtained by
SANS and in thin ﬁlms suggests that C60 agglomeration is faster and more sensitive to
temperature under thin ﬁlm conﬁnement, but obeys a similar asymptotic trend. The
apparent miscibility threshold of C60 in PS thin ﬁlms agrees well with those measured in
bulk PNCs (≈1.5 wt %) using DSC, DS, SANS and WAXS in Chapter 3. The aggregation
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Figure 4.42.: Glass transition temperature of supported PS ﬁlms on native oxide silicon
as a function of ﬁlm thickness, Mw ≈ 270kg/mol (solid squares) and 2
kg/mol (open circles) Inset: same data normalised by the corresponding
bulk Tg of the polymer, Tg0. Tg data were obtained from ref [162] and ref
[35].
threshold temperature T ∗ for 5 wt % is estimated to be 155±5◦C in the bulk and decreases
to 140±5◦C for a 150 nm PS(270k)-5 wt % thin ﬁlm, within the annealing time scales
of about 4 h. PNC thin ﬁlm T ∗ is obtained as the temperature which (slow) fullerene
aggregation is ﬁrst observed in thin ﬁlms. For lower Mw nanocomposite thin ﬁlms of
PS(2k), the fullerene segregation is even more sensitive to temperature as fullerenes are
shown to begin segregate to the substrate interface at 100◦C. The lower T ∗ observed in
thin ﬁlms may be rationalised by greater interfacial eﬀects on the mobility and Tg of
supported PS thin ﬁlms with lower Mw and ﬁlm thickness.33,35,36
The drastic thickness dependence of Tg for both supported PS(2k) and PS(270k) ﬁlms
on native oxide silicon is shown in the main panel of Figure 4.42, with the ﬁlm Tg decreases
as a function of both ﬁlm thickness and Mw. After normalising with Tg0, data of both
molecular weights almost overlap, as the Tg(h) data for 2k and 270k are only vertically
shifted. Hence, annealing at a ﬁxed temperature for bothMw means that for PS(2k), the
annealing process is done further away from its Tg. The bulk Tg oﬀset between PS(2k)
(Tg0 = 67.8◦C) and PS(270k) (Tg0 = 104.1◦C), as measured using DSC (see Table 4.1) is
about 36.3◦C, which is very similar to the 40◦C diﬀerence in T ∗ between PNC thin ﬁlms
of PS(2k) (T ∗ ∼ 100◦C) and PS(270k) (T ∗ ∼ 140◦C). For the thinnest ﬁlm investigated
in this work (20-nm-PS(2k)), the Tg is roughly 40 ± 5◦C according to the Tg(h) data in
Figure 4.42 hence ruling out chain mobility and fullerene segregation at ambient room
temperature (∼25◦C) for ﬁlms at the lower end of the Mw and thickness regime.
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Revisit of Tg-fragility trend under conﬁnement
We have studied the glass formation changes and its relation to Tg for PS-C60 bulk
systems in Chapter 3, also elucidating their general trends for a diverse class of additives.
Brieﬂy, we would like to revisit to the Tg-fragility trend for systems under conﬁnement.
Supported polymer ﬁlms on highly attractive surfaces often show positive Tg shifts
with decreasing ﬁlm thickness, while the reverse has been observed for non-attractive
substrates and free standing polymer thin ﬁlms. In addition to the obvious interfacial
interactions eﬀect, Tg shifts in thin ﬁlm conﬁnement can also be reconciled from the glass
formation point of view according to recent simulation studies.163 The latter observation
stems from the conﬁnement eﬀect of ﬁlms with non-interactive interfaces, resulting in
better molecular packing (decrease in fragility)163 which decreases Tg (i.e., Tg ∝ fragility)
; while in the former case, ﬁlm conﬁnement takes place in the presence of attractive
substrate interactions simultaneously increase molecular packing (decrease in fragility)
and Tg (i.e., Tg ∝ 1/fragility).
Earlier experimental164 and computational64 studies have shown that a material that
already exhibits reduced fragility, such as an antiplasticised polymer, maybe less sus-
ceptible to Tg and fragility reductions upon conﬁnement (in the absence of signiﬁcant
substrate interactions) because the material has got a better packing to begin with. As
C60 fullerene has been shown in Chapter 2 to be a fragilifying additive with attractive
interactions with PS in the bulk, their presence in conﬁned PS ﬁlms makes the situation
conceptually more intricate as the resulting PS-C60 thin ﬁlm mixtures could yield un-
expected fragility and Tg changes upon conﬁnement. This is an interesting subject for
future studies.
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5.1. Introduction
Pattern formation or replication on micrometer or sub micrometer lengthscales becomes
increasingly important in a wide range of areas, from the technologically sophisticated
semiconductor industry to the fundamentally important material science and cell bi-
ology. Projection photolithography is the dominant technology in microfabrication of
microelectronics but its continual miniaturisation trend is limited to the 100 nm lateral
lengthscale set by the diﬀraction limit of visible light, a fundamental barrier for any
optical lithographic techniques. One way to overcome this physical limit and keep up
with the electronic equipment miniaturisation trend is to explore alternative lithographic
techniques such as extreme UV lithography, X-ray lithography or electron-beam writing.
These advanced lithographic techniques oﬀer signiﬁcantly better lateral resolutions be-
low the 100 nm limit but their development into economical and practical commercial
methods still requires more research eﬀorts.
Alternative non-photolithographic microfabrication methods include soft lithography.165
The basis of the technique is pattern transfer via printing and molding using pre-
templated soft elastomer stamps166 such as poly(dimethylsiloxane) (PDMS). Rapid de-
velopments of soft lithography in the last decade resulted in large arrays of bench-top
pattern replication techniques,1 for example: micro-contact printing and replica molding.
Micropatterns of self assembled monolayers (SAM) can be deposited onto gold or silver
surfaces using micro-contact printing, which facilitates subsequent selective etching or
repetitive SAM deposition to generate surface features. These techniques have the ad-
vantage of (a) not limited by optical diﬀraction with lateral features as small as 30 nm
have been fabricated; (b) inexpensive, fast and straightforward procedures but crucially,
producing much higher number of defects than photolithography.
Patterning processes exploiting self assembly also have begun to gather interest in
the past decade because they are fundamentally interesting, experimentally simple and
1Soft lithography is only suitable for pattern replication from a master pattern which still requires
photolithography or advanced lithography to be fabricated.
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relatively low cost. However, the self assembled lateral features are still relatively large
compared to soft and advanced lithography techniques but no doubt has a lot of room
for improvements. Recent approaches167,168 exploit the characteristic domains of phase
separating polymer blend on substrate with pre-patterned surface energy variations. The
surface energy template was imposed by alternating gold and SAM strips deposited via
the micro-contact printing method discussed above. An incompatible polymer blend was
subsequently spun onto the pre-patterned substrate and phase separate during the spin
coating process. As one of the polymer phase has preferential adsorption to gold, dispos-
ing the other to SAM strips, the micron-size domains of the phase separating mixture
are directed into the originally templated SAM pattern. In short, this approach trans-
forms a lateral variation in surface energy into a composition pattern of a binary polymer
ﬁlm. There are many other surface patterning techniques adopting various soft matter
self-assembly processes for example: (a) ﬁlm dewetting on topological features created
by substrate rubbing169,170 and SAM strips;171 (b) electrostatic and thermomechanically
induced thin ﬁlm surface instabilities172 with topographically patterned top plate in a
sandwich-like setup.
In this chapter, we show a novel self assembly photo-patterning approach for pattern
transfer which couples two of the fundamental ﬁndings presented in this thesis: (a) the
photo-sensitivity of fullerene C60 in the PNC ﬁlms and (b) self assembly processes of
spinodal clustering and ﬁlm dewetting of PS-C60 thin ﬁlm mixture. Spinodal clustering
process exhibits well controlled lateral wavelength and vertical amplitude and associated
kinetics as shown in the previous chapter. In addition, thin ﬁlm dewetting, although
usually a highly undesirable instability process, is also incorporated in our patterning
approach with an advantageous outcome. Our technique is procedurally simple and cost
eﬀective as it does not require any specialised equipment and can be conducted in ambient
laboratory environment.
To implement the principles for patterning and templating, we make use of the propen-
sity of the C60 fullerenes in the PNC thin ﬁlm to become photo-oxidised157 when ex-
posed to light. We employ a photomask to spatially modulate this process. Depending
on various combinations of experimental parameters- substrate wettability, ﬁlm thick-
ness, fullerene loading and light intensity, the heat ﬂow induced fullerene association
behaviour can be controlled. The assembly processes: spinodal clustering or thin ﬁlm
dewetting of selected ﬁlm area can then be directed to replicate the photomask pattern
onto the ﬁlm. This novel photo-patterning approach might provide a simple means for
rapid pattern assembly (fabrication of polymer-based electronic circuits). The resulting
patterned structures can also be harnessed towards functional engineering applications,
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Figure 5.1.: Photomasks used for the photo-patterning applications. Insets of (a-c) de-
picts the 3D representation of the optical microscopy images. The lighter
regions are transparent.
for example in photovoltaics (bulk heterojunctions) and functional hierarchical coatings
(ultrathin stable ﬁlms).
5.2. Materials and experimental techniques
PS of two molecular weights, 2.75 kg/mol (PDI = 1.1) and 270 kg/mol (PDI = 2.4)
were purchased from Polymer Source and BP Chemicals, respectively, and C60 was ob-
tained from MER Corporation (99+% purity) and was used as received. PS-fullerene
PNC thin ﬁlms of various thicknesses were prepared by spin coating onto [100] silicon
substrates subjected to various treatments as described in Chapter 4. The resulting ﬁlms
have thicknesses varying between 35-150 nm, as measured using UV-vis interferometry
(Filmetrics, F20-UV).
Photomasks (a), (b) and (d) depicted in Figure 5.1 were designed using AutoCAD
program and printed on an acetate sheet using a high resolution (50000 dpi) printer
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Figure 5.2.: Schematic representation of the self assembly photo-patterning process.
A high resolution printed photomask is placed on top of an unannealed
nanocomposite thin ﬁlm, UV-visible light exposure photo-transform the
chemical properties of the fullerenes. Subsequent thermal annealing di-
rects the surface instabilities: the structure connectivity (spinodal clustering)
and/or ﬁlm stability (thin ﬁlm dewetting) of selected ﬁlm area to replicate
the photomask pattern onto the ﬁlm.
(CAD-Art, California). The lighter regions on the photomask are optically and UV
transparent. Photomasks (a) and (b) are T-junctions 500-100 µm and 500-500 µm in
width while photomask (d) is made of arrays of progressively narrower transparent bands
ranging from 60 to 10 µm, constantly spaced by 50 µm wide dark strips. The more
elaborate photomask (c) is a circuit pattern obtained from Circuit Graphics Ltd.
The photomask was placed onto the unannealed PNC ﬁlm and light exposure step was
performed using a 100W UV light at λ = 365 nm (Spectroline, Model SB-100 PA/FB)
for a prescribed dosage; visible light exposure was carried with an intense white light
source (Advanced Illumination, Model DL2230). The illuminated ﬁlm was then thermally
annealed to excite the surface patterns and observed using a reﬂection optical microscope
(Olympus BX41M), equipped with an XY stage and CCD camera (AVT Marlin). The
methodology of the patterning process is depicted in Figure 5.2. Actual three-dimensional
surface maps of the patterned ﬁlms were obtained using an optical proﬁlometer (Wyko
NT9100) in phase shifting interferometry mode. Patterning using ambient light in the
laboratory was also tried but the features of the replicated pattern are not well deﬁned
due to the weaker intensity and non-collimated nature of the light.
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5.3. Photo-patterning
5.3.1. Spinodal clustering
The photo-sensitivity of fullerenes and the rich phase behaviour of PS-C60 thin ﬁlm
mixture upon annealing have given us the idea to develop this novel self assembly photo-
patterning approach for large area pattern transfer. This patterning process is essen-
tially a type of photolithography fabrication technique which transfers a pattern from a
printed photomask onto the photo-sensitive nanocomposite thin ﬁlm via a two-step pro-
cedure. The initial light exposure step involves an inexpensive printed photomask with
decent resolution covering the nanocomposite ﬁlm and changes the chemical nature of the
fullerenes in the illuminated region. Upon annealing, the substantially diﬀerent fullerene
segregation behaviour of the illuminated and unilluminated regions yields contrasting
and tuneable spinodal clustering lateral structure connectivity and vertical topography
at speciﬁc ﬁlm regions, following the photomask master pattern.
It must be clariﬁed that there are two types of lengthscales involved in our photo-
patterning technique. Firstly, the lateral lengthscale of the photomask features which
the lowest replicable size is governed by the printing resolution of the photomask and the
collimation of the light source used. In our case, a high resolution printed photomask
(50000 dpi) and a lab 100W UV light source give a patterning resolution of approxi-
mately 10 µm laterally below which the pattern interface will be smeared. This rather
low resolution compared to other lithography techniques is due to the simplicity of our
patterning setup. It can be greatly improved with more sophisticated components for
e.g. advanced light source, ultra-high resolution photomask, the use of projection lens
and controlled environment i.e., in a clean room. Secondly, within these pattern features,
there is the micron/sub-micron lengthscale of the spinodal clustering process, as charac-
terised by the dominant lateral wavelength (λ∗) and vertical average height amplitude
(<δh>). Such spinodal clustering dominant lengthscales for the illuminated and covered
regions can be controlled precisely with various experimental and sample parameters,
following their comprehensive studies reported in Chapter 4.
Examples of the patterned features are shown in Figure 5.3a and b. Optical microscopy
images in (a) show a 500-100 µm T-junction channel had been patterned on a 110 nm-
PS(270k)-5 wt % C60 casted on substrate type A. Magniﬁed images show the ﬁlm lateral
morphology and structure connectivity at speciﬁc regions of the pattern with and without
illumination. Insets show the fast Fourier transforms (FFT) of the respective lateral
morphologies. The UV illuminated area has considerably smaller λ∗ and <δh>.
Using the same methodology, a reference number of 30; was patterned on a low Mw
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Figure 5.3.: Patterned structures: (a) Optical micrographs of a T-junction channel pat-
terned on a 110-nm-PS(270k)-5 wt % C60 (wafer A). Magniﬁed images show
the ﬁlm lateral morphology and structure connectivity at speciﬁc regions
of the pattern with and without illumination. Insets show the fast Fourier
transforms (FFT) of the respective lateral morphologies. (b) patterning on
PS(2k)-5 wt % C60, h = 125 nm and 35 nm (wafer Bsw), (c) and (d) pattern-
ing with dewetting on 35 nm-PS(2k)-5 wt % C60 (wafer Bsw), (e) patterning
with same sample type and conditions as in (a), yielding a circuit prototype
device. Vertical topography of the pattern can be viewed from the 3D rep-
resentation of optical microscopy images (middle) and optical proﬁlometry
scans, obtained in Phase Shifting Interferometry (PSI) mode (right bottom).
Samples in (a) and (e) were exposed with UV light (0.2 mW/cm2, 6 h) while
samples in (b-d) were exposed with visible white light (1.34 mW/cm2, 6 h).
All patterns were immediately excited by annealing at 180◦C for 30 min.
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125-nm-PS(2k)-5 wt % ﬁlm casted on substrate type Bsw, as shown in Figure 5.3b. The
photomask used here has the numbers made transparent. Under this thickness (125nm)
and Mw regime (2.75 kg/mol), the dark ﬁlm area exhibits spinodal clustering mor-
phologies with larger λ∗ and <δh> while the surface undulations in the light ﬁlm area
(30;) are almost completely absent with drastically reduced <δh>. This illustrates
that lengthscale tuneability can be done simply by changing the matrix Mw. The fact
that we can tune the structure connectivity on speciﬁc pattern regions makes this model
polymer-fullerene thin ﬁlm system particularly attractive for plastic electronic applica-
tions.
Of course, more elaborated pattern can be replicated onto the nanocomposite ﬁlm.
As a proof of principle, a circuit pattern has been replicated onto a 110-nm-PS(270k)-5
wt % C60 ﬁlm, as shown in Figure 5.3e, yielding a prototype device. Vertical topogra-
phy of the circuit pattern can be viewed from the 3D representation of the OM images
(middle (e)) and more clearly with optical proﬁlometry scans, obtained in Phase Shifting
Interferometry (PSI) mode.
5.3.2. Thin ﬁlm dewetting
Film stability will inevitably be aﬀected in the low thickness and low Mw regime on
substrates with unfavourable wettability. Even thin ﬁlm dewetting is usually highly
undesirable as it disrupts the integrity of coatings. The prospect of inducing selective
dewetting on the ﬁlm motivated us to incorporate it in our photo-patterning process.
The presence of nanoparticles in thin ﬁlms has been shown to suppress or eliminate thin
ﬁlm dewetting. This is due to nanoparticles segregate to the substrate thus stabilising the
ﬁlm before the formation of dewetting holes. In addition, due to the photo-sensitivity
of the fullerenes, the ﬁlm stability can be further improved with light exposure (see
Section 4.6.3). Using this principle, the dewetting ﬁlm area can be directed to follow
the master pattern of the photomask, yielding both stable and dewetted regions on the
same ﬁlm. A successful patterned structure is demonstrated in Figure 5.3c and d with
a 35 nm-PS(2k)-5 wt % C60 on wafer Bsw. In this case, the desired pattern (T-junction
strip) is engineered to remain stable while the surrounding area, which is not needed
disintegrates itself upon annealing via dewetting. The example shown was achieved only
after repetitive optimisation of many experimental parameters, as elucidated below.
176
5. Self assembly photo-patterning
500 µm
a
b
500 µm
dark
light
light
a
500 µm500 µm
dark
light
light
Figure 5.4.: Dewetting photo-patterning diﬃculty shown with a 35-nm-PS(2k)-1 wt %
C60 ﬁlm on as received wafer A. Light exposure step 0.2 mW/cm2 for (a) 3
h and (b) 12.5 h, followed by annealing at T = 140◦C.
5.3.3. Parameter optimisation
The coupling of the photo-patterning process with spinodal clustering is straightforward
as the photomask pattern can be replicated easily onto ﬁlms of various Mw and ﬁlm
thickness provided that favourable substrate is used, i.e., ﬁlm dewetting is not induced.
The characteristic lengthscale of the spinodal clustering process can also be easily tuned
with annealing temperature, time, ﬁlm thickness, Mw and light dose.
However, the situation is more intricate when it comes to the dewetting patterning
process. The successful pattern depicted above was achieved only after careful optimisa-
tion of several experimental parameters: substrate energies, C60 loading and annealing
temperature. For a given ﬁlm thickness, there are only a few sweet spots where we can
simultaneously achieve both dewetting and stable regions after patterning. To explore
the optimum conditions, the ﬁlm stabilities of a given ﬁlm thickness of 35 nm patterned
with UV light (0.2 mW/cm2, 3h), varying three parameters above, were tested and the
results were summarised in Figure 4.40 in Chapter 4.
From the summary Figure 4.40, we can identify a few viable combination of experi-
mental conditions, one of them being, 35-nm-PS(2k)-1 wt % C60 on as received wafer A
for T > 120◦C which was ﬁrst attempted as shown in Figure 5.4a. With an usual UV
light exposure of 0.2 mW/cm2 for 3 h and subsequent annealing at 140◦C, the stability
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of the illuminated ﬁlm area outside of the photomask is retained, in agreement with the
summary table, see left OM image of (a). However, the illuminated area within the pho-
tomask dewets completely and pattern was not replicated, as shown in the right image
of (a). It seems that the overall stability and the success for the pattern replication is
governed by the unilluminated (dewetting) area. If it represents the majority of the ﬁlm
area, it will aﬀect induce dewetting in the minority illuminated area. Prolonging the
UV exposure time to 12.5 h only improves the stability of the illuminated region of the
photomask slightly, as seen in Figure 5.4b. We attribute this patterning diﬃculty to in-
suﬃcient amount of fullerenes in the 1 wt % ﬁlm to pin the dewetting holes as they are
formed. Future dewetting patterning on ﬁlms with low C60 loading should be attempted
with a slightly higher ﬁlm thickness to (a) slow down the ﬁlm dewetting kinetics and (b)
increase the amount of fullerene in the ﬁlm and thus better dewetting suppression eﬀect.
The dewetting patterning was eventually successfully produced with a 5 wt % ﬁlm cast
on a slightly unfavourable substrate (Bsw) as already depicted in Figure 5.3d.
5.4. Lateral conﬁnement
It has been observed in previous studies171,173,174 that the morphology (arrangement and
size) of dewetting and polymer phase separation in thin ﬁlms can be inﬂuenced by the
imposed lateral constraint. In particular, Zhang and Composto173,174 have shown that
the phase separation process of a critical binary polymer blend ﬁlm subjected to lateral
conﬁnement can be directed to form tube, capsule, conﬁned domain, and multiple domain
conﬁgurations. In the particular study mentioned above, the lateral constraint domains
were created by templating alternating SAM and SiOx stripes via micro-contact printing.
The subsequently spun polymer blend ﬁlm would dewet from the hydrophobic SAM strips
and thus conﬁned within the more hydrophilic SiOx regions, displaying various phase
morphologies upon thermal annealing.
Here we demonstrate that the illuminated regions of the photo-generated patterns can
also be used as an alternative means of creating such conﬁnement regions which allow
us to study the nanoparticle association behaviour within the adjacent non-illuminated
pattern area. The top panel in Figure 5.5 shows the resulting photo-generated pattern
on a 150-nm-PS(2k)-5 wt% C60 ﬁlm (wafer A) as replicated from photomask d with
alternating transparent gradient strips ranging from 10 to 60 µm in width, spaced by 50
µm wide dark strips.
Upon conﬁnement, the characteristic lengthscales of the fullerene clusters (Nd, λ∗ and
<r>) in the unilluminated strips (labelled dark) exhibit obvious changes: Nd increases
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Figure 5.5.: Top: the resulting pattern replicated from photomask d onto a 150 nm-
PS(2k)-5 wt% C60 ﬁlm (wafer A) following UV light exposure (0.5 mW/cm2,
6h) and subsequent thermal annealing at 180◦C for 30 min. Bottom (i-iii):
magniﬁed images of the top image, (i): unpatterned/ unconﬁned region;
50 µm non-illuminated strips conﬁned between (ii) 10 micron and (iii) 60
micron illuminated strips, showing the eﬀect of lateral conﬁnement to the
characteristic lengthscales (Nd, λ∗ and <r>) and arrangement of clusters
at the non-illuminated (labelled dark) pattern area. (iv) demonstration of
the slower propagation of an initially present ﬁlm defect (scratch) during
annealing at the illuminated ﬁlm region compared to the non-illuminated
region. Scale bar for i-iv: 50 µm.
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Figure 5.6.: (a) Unpatterned 95-nm-PS(2k)-5 wt% C60 ﬁlm (substrate A) (b-e) Various
pattern features obtained from the same ﬁlm. (d) and (e) are magniﬁcations
of (b) and (c), respectively. Note the decrease in λ∗ and <r> and increase
in Nd of the clusters within the non-illuminated area (labelled dark) of the
pattern. Patterning conditions: UV light (0.2 mW/cm2, 6h); 180◦C for 30
min. Scale bar for all: 50 µm.
while both λ∗ and <r> decreases. This is evident from the comparison of the mag-
niﬁed images of Figure 5.5: (i) not conﬁned and (ii) and (iii), in which the 50 µm
non-illuminated strips are conﬁned between 10 micron and 60 micron illuminated strips,
respectively. We attribute this ﬁnding to the fact that the fullerenes in the illuminated
strips (labelled light) are diﬀusing less due to their altered chemical properties. The clus-
ters in the non-illuminated strips are hence starved of fullerenes which results in the
observed smaller <r> and λ∗. In addition, Figure 5.5(iv) demonstrates slower propaga-
tion of an initially present ﬁlm defect (scratch) during annealing at the illuminated region
compared to the non-illuminated region. This corroborates our light-initiated dewetting
suppression eﬀect and gives us a glimpse of the dewetting contact line pinning mecha-
nism.
We see a very similar trend in terms of the characteristic lengthscales with thinner 95-
nm nanocomposite ﬁlms, comparing the unconﬁned/ unpatterned image in Figure 5.6a
with Figure 5.6b-e where various pattern features obtained from the photo-patterning
process are also demonstrated. Future work aims to quantify the cluster characteristic
lengthscales (Nd, λ∗ and <r>) with time under various lateral size constraints as well as
extending the studies to PNC ﬁlms of otherMw. We also seek to change the conﬁnement
width of the dark strips in future studies as it is ﬁxed in this preliminary study.
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5.5. Summary
In conclusion, we make use of two fundamental principles- (i) photo-chemical transfor-
mation of fullerenes and (ii) the self assembly processes of spinodal clustering and ﬁlm
dewetting of PS-C60 thin ﬁlms to replicate a photomask pattern onto the nanocompos-
ite ﬁlm with variations in the structure connectivity, morphology, topography and ﬁlm
stability, as dictated by the segregation behaviour of fullerene C60.
Our photo-patterning process generally takes a few hours (light exposure and thermal
excitation of pattern) and is inexpensive, requiring essentially only a UV/ white light
source, a printed photomask and a hot plate. Processing conditions, once optimised
should produce highly reproducible, large area micro to nanostructured composites. The
procedures are straightforward and have plenty of room for improvements in terms of
patterning resolution and the characteristic lengthscales of the spinodal clustering pro-
cess. Therefore, various technological relevant applications can be envisaged, such as
organic photovoltaics (bulk heterojunctions morphology), rapid pattern assembly (fabri-
cation of organic electronic circuits) and functional hierarchical coatings (ultrathin stable
ﬁlms). As a proof of principle, a prototype circuit device had been fabricated. In addi-
tion, the generated patterns also provide a new way to study the phase behaviour of the
polymer-nanoparticle mixture under lateral constraint.
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6.1. Summary
This project investigated experimentally the structural, dynamical and glass formation
properties of polymer-fullerene nanocomposite mixtures in bulk and thin ﬁlms. The
results from this work demonstrate that the understanding of polymer-nanoparticle mis-
cibility and the control of nanocomposite self-assembly in 2D and 3D, bulk and thin
ﬁlms, are fundamentally fascinating and have great engineering potential.
In Chapter 2, we show that nanoparticles such as fullerene C60, with appropriate size
and interaction, can (a) alter the polymer glass formation properties such as molecular
packing, free volume and fragility; and (b) aﬀect both the glassy and melt dynamics but
in contrary directions! Present DSC and DS studies showed that Tg, τα, free volume and
dynamic fragility increase with C60 concentration while a previous INS study also reveals
that C60 increases the hydrogen mean square displacement amplitude <u2> and decreases
the molecular stiﬀness in the deep glassy state. These results can be rationalised based
on recent glass formation simulations, indicating that these observations correspond a
more disrupted molecular packing state in the glass due to the inﬂuence of the C60.
The general trends in glass formation changes induced by various nanoparticles were
compiled. Diﬀerent mechanistic models were proposed to explain the changes to the chain
dynamics and polymer glass formation, speciﬁcally Tg and fragility,m under the inﬂuence
of various types of nanoparticles. In essence, the changes of both Tg and fragility result
from the interplay between the bulk packing state of the PNC glass and both polymer-
nanoparticle interaction strength and interfacial area. Nanoparticle size and dispersion
are therefore of key importance and agglomeration can reverse any non-trivial property
changes.
A systematic C60 aggregation study based on SANS and WAXS was therefore carried
out and the results are presented in Chapter 3. Conditions and limits for homogene-
ity and structural equilibrium of PS-C60 composites, considering all relevant processing
steps, were investigated and estimates for dispersibility and miscibility thresholds es-
tablished. PNCs with C60 loading below the miscibility concentration (φc∼1.5±0.5 wt
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%) retain dispersion and narrow fullerene size distribution up to ∼185◦C. PNCs with
C60 loading > φc and up to the dispersibility concentration (φD∼ 5 wt %) can remain
dispersible if annealed below the miscibility temperature (T ∗), i.e, their dispersion re-
mains unchanged from the unannealed counterpart. Above φD and T ∗, PNCs have a
considerable proportion of aggregates, resulting in increasingly crystallised and fractal-
like structures, commensurate with the emergence of C60 crystalline peaks in WAXS
and SANS fractal scattering. Fractal analysis of samples with 4-10 wt % C60 indicates
fractal unit sizes of 2 - 5 nm (1/qc) while TEM evidence from literature shows larger
C60 aggregates (up to 250 nm at high C60 (10 wt %) loading), indicating that cluster
sizes are heterogeneous. Fractal dimensions Df ranging from 2.04 to 2.53 were obtained,
as expected for 3D mass fractal aggregates. The cluster growth mechanism is thought
to follow the diﬀusion limited aggregation (DLA) growth model due to the proximity of
the obtained Df and the theoretical DLA Df in 3D (∼ 2.39 ± 0.18), which is also in
agreement with the polydisperse nature of the C60 size distribution.
The C60 association kinetics in bulk PNCs were also investigated with SANS. Above the
miscibility threshold, the scattering intensity grows with time, in the min to h timescale,
with growth kinetics well described by an asymptotic relation. The growth constant K
from the resulting ﬁt to the experimental data follows the VFT temperature dependence,
as expected for macroscopic aggregation in polymer melts. Each annealing temperature
has its own plateau value, which would imply that not only the aggregation kinetics
but also the asymptotic morphology depends on temperature.
The changes in chain dynamics and glass formation of bulk nanocomposites subjected
to controlled thermal annealing are elucidated. The results highlight the dependence of
PNC properties on C60 dispersion, adding insight into its structure-property relation-
ships. Speciﬁcally, there is good correlation between the Tg and C60 dispersion based on
the excellent agreement between DSC and SANS measurements. We therefore propose
that the Tg changes of PNCs are governed by the fraction of dispersed nanoparticles in
the matrix. Hence, Tg is considered a reasonably good gauge for the extent of nanoparti-
cle dispersion. Given that the Tg of annealed nanocomposites with φ > φc always recover
to a plateau value which is coincidently the Tg of a PNC sample with ∼ 1.5 wt % C60, we
further postulate that not all of the C60 will agglomerate but instead, there is a fraction of
C60 (corresponding to the amount of C60 in PNCs with φ = φc) that will always remain
dispersed. The results of the controlled aggregation experiments qualitatively veriﬁed
the mechanisms of Tg and fragility changes in PS-C60 PNCs. In addition, it corroborate
the previously established miscibility conditions, linking the property/performance of the
composite material to the nanoparticle spatial organisation.
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We next show in Chapter 4 that PS-C60 nanocomposite thin ﬁlms above the miscibility
concentration develop well-deﬁned surface patterns, upon isothermal annealing above Tg.
The pattern formation ranges from sparse nucleation at 2 wt % to a coordinated spinodal-
like morphology at suﬃciently high C60 loading (∼5 wt %) and/or long annealing times,
hence the name of the process spinodal clustering. Thin ﬁlm conﬁnement alters the
symmetry of the fullerene association process and results in the undulation of the ﬁlm
surface. The resulting coarsening kinetics of the morphology wavelength λ∗ scales with
tα where α is thickness dependent. α is 1/3 for a relatively thick 5 wt % PNC ﬁlms (h
= 170 nm) and gradually decreases to essentially 0 for a 20 nm-thick ﬁlm. A similar
behaviour is observed in 2D phase separation of binary mixture.
A mechanistic understanding of fullerene association and pattern formation was estab-
lished by quantifying the key stages of the process in terms of the evolution of the cluster
average radius <r>, cluster number density Nd, cluster area fraction Af , dominant wave-
length λ∗ and average amplitude <δh > with time. Experiments on the early stages of
the spinodal clustering process at low annealing temperatures show that the patterns
stem from a common C60 association mechanism, starting with a nucleation and growth
step and eventually percolating into a spinodal-like lateral morphology which follows
well deﬁned coarsening scaling laws. The patterns formed via spinodal clustering can be
precisely controlled by processing parameters such as temperature, time, ﬁlm thickness
and molecular mass. Fullerene crystallisation is adequately described by Avrami kinetics
in 2D, with the crystallisation rate constant follows the temperature dependence of the
viscosity of PS, suggesting simple Stokes Einstein diﬀusion of the clusters through the
polymer matrix. We interpret this behaviour as the phase separation between PS and
C60 under 2D conﬁnement, following by the coordinated C60 association and substrate
segregation at high temperatures, forming C60 crystalline phase. The spatial heterogene-
ity within the structure gives rise to a surface tension modulation which then causes the
ﬁlm surface to undulate, resulting in well deﬁned ﬁlm topography, where PS smothers
the C60 clusters attached to the bottom surface.
We ﬁnd that the spinodal clustering process is robust to various substrate types, in-
cluding piranha treated substrates and many other ﬁlm processing parameters such as
ﬁlm drying, solution sonication etc. However, light (visible and UV) is found to play
an important role in the spinodal clustering morphology. The transformation of the an-
nealed ﬁlm morphology can most likely be attributed to a change in the chemical nature
of fullerenes as a result of a photo-oxidation process when simultaneously exposed to
oxygen and UV-visible radiation, thus aﬀecting its segregation behaviour in the subse-
quent high temperature annealing. The scaling laws of the structure coarsening kinetics
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in light ﬁlms remain unchanged compared to dark ﬁlms for a given ﬁlm thickness but
there are downward shifts in the morphology lengthscales, the plateau wavelength λ∗∞
and its onset time scale of structure pinning. The distinct structure coarsening kinetics
and pinning with and without light exposure provides a powerful means of morphological
control.
A combination of NR and AFM selective dissolution experiments were conducted to
elucidate the fullerene location and segregation behaviour in the ﬁlms before and after
thermal annealing, respectively. For as cast ﬁlms, most of the fullerenes are homoge-
neously distributed in the bulk layer, presumably with a gradient concentration proﬁle
towards the substrate interface where there is a 2 - 5 nm rough C60 layer. The fullerene
depth proﬁles in as cast PNC ﬁlms are found to remain the same after illumination. Upon
annealing, for dark unilluminated ﬁlms, micrometer-sized C60 aggregates are found to
anchor on the substrate and retain the exact spinodal coordination. As for light ﬁlms,
relatively smaller, shorter and more densely populated fullerene clusters are observed
adjacent to the substrate. The fullerene depth proﬁle of both as cast and annealed
ﬁlms, respectively, remain qualitatively unchanged for diﬀerent substrate types and dif-
ferent Mw. The amount of fullerenes within the ﬁlms should be proportional to the ﬁlm
thickness and C60 concentration. Cartoons illustrating the fullerene concentration proﬁle
varying diﬀerent parameter spaces are presented in Appendix B.
With numerous experiments, in particular using AFM, we have decoupled the scaling
and kinetics of the current spinodal clustering observation to those characteristic of spin-
odal dewetting process, conﬁrming that the current spinodal clustering pattern formation
is not associated to dewetting. In fact, C60 fullerenes are shown to actually suppress the
dewetting of lowMw polymer thin ﬁlms. According to the literature, diﬀusion of nanopar-
ticles in thin ﬁlms is expected to be faster than Stokes-Einstein prediction and is also
very anisotropic, i.e., considerably faster on the plane of the ﬁlm than orthogonally, due
to signiﬁcant lubrication forces in a conﬁned geometry. Therefore, besides exciting well
deﬁned ﬁlm morphologies, the formation of nanoparticle layer at the substrate interface
(less than 1 min at 180◦C in PS(2k)) also provides a stabilisation eﬀect to the low Mw
ﬁlm provided that the fullerene segregation is faster than the ﬁlm dewetting kinetics dur-
ing annealing. The dewetting suppression eﬀect happens between 1 - 2 wt % fullerene
loading for h = 35 nm PS(2k). This is indeed very close to the miscibility concentration
(φc) obtained experimentally in Chapter 3 in the bulk albeit with higher Mw PS(270k).
This suggests that the onset segregation concentration remains the same with diﬀerent
matrix Mw and conﬁnement geometry, closely relating the dewetting suppression eﬀect
with the nanoparticle segregation behaviour within the ﬁlms.
185
6. Summary and Outlook
With lower substrate surface energy for which the ﬁlm dewetting kinetics is much faster
than the segregation kinetics of the fullerenes, or with lower C60 loading or ﬁlm thickness
which the amount of fullerene in the ﬁlm is insuﬃcient to form a complete layer (i.e.,
ϕ < 1), the (low Mw) nanocomposite thin ﬁlms would still dewet. In this case, ﬁlm
dewetting can be suppressed or completely eliminated with UV-visible light exposure
prior annealing, depending on the amount of fullerenes in the ﬁlm. The underlying
mechanism to this important and fascinating observation is still unclear but it is probably
due to the speciﬁc interactions of the photo-oxidised fullerenes with each other or with
the PS matrix which slows down or arrests the dewetting kinetics (the cross-linking
hypothesis). Much work is required in order to ascertain the mechanism behind this
light driven thin ﬁlm stabilisation eﬀect.
A comparison between the C60 growth kinetics in PS(270k) in the bulk, obtained by
SANS and in thin ﬁlms suggests that C60 association is faster and more sensitive to
temperature under thin ﬁlm conﬁnement, but obeys a similar asymptotic trend. The
apparent miscibility threshold of C60 in PS thin ﬁlms agrees well with those measured in
bulk PNCs (≈1.5 wt %) using DSC, DS, SANS and WAXS in Chapter 3. The aggregation
threshold temperature T ∗ has been estimated at 155±5◦C in the bulk and decreases to
140±5◦C for a 150 nm PS(270k)-5 wt % thin ﬁlm. For lower Mw nanocomposite thin
ﬁlms of PS(2k), the fullerene segregation is expectedly more sensitive to temperature as
fullerenes are shown to begin to segregate to the substrate interface at 100◦C. The lower
T ∗ observed in thin ﬁlms may be rationalised with increasing inﬂuence of interfacial eﬀects
on the mobility and Tg of supported PS thin ﬁlms with lower Mw and ﬁlm thickness.
In Chapter 5, we make use of the two major ﬁndings of this thesis- (i) photo-chemical
transformation of fullerenes and (ii) the self assembly processes of spinodal clustering and
ﬁlm dewetting in PS-C60 thin ﬁlm mixture to replicate a photomask pattern onto the
nanocomposite ﬁlm with variations in the structure connectivity, morphology, topography
and ﬁlm stability, as dictated by the fullerene segregation behaviour.
The photo-patterning process generally takes a few hours (light exposure and thermal
excitation of pattern), inexpensive and requires essentially only a UV/ white light source,
a photomask and a hot plate. Processing conditions can be further optimised to produce
reproducible, large-area micro to nanostructured composites. Various technological rele-
vant applications can be envisaged and a prototype circuit device was fabricated as a
proof of principle for this patterning technique. In addition, the generated patterns also
provide a new way to study the phase behaviour of the polymer-nanoparticle mixture
under lateral constraints.
The ﬁndings from this work can be applicable to many important engineering appli-
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cations in membranes (e.g. tuning of polymer free volume and molecular packing and
resulting permeability), advanced coatings (e.g. ultra-thin stable ﬁlms), photovoltaics
(e.g. percolated bulk heterojunctions) and rapid pattern assembly (e.g. fabrication of
polymer-based plastic electronics), as will be discussed below.
Possible applications
Fullerenes C60 have a non-trivial inﬂuence on the PS chain dynamics and its glass forma-
tion. Fragility enhancing C60 fullerenes can disrupt chain packing which yields more
free volume that in turn is likely to present diﬀusing molecules with a low-resistance
transport route at nm scale or smaller. This makes PNC a potential viable candidate
for polymer membranes with tuneable selectivity and permeability. Polymer based mem-
branes have a wide range of applications for gas separation, seawater desalination, fuel
enrichment and many other molecular puriﬁcation processes. Fragility enhancement is
also expected to enhance ductility, extension at break and other properties correlated
with relatively high free volume.
Derivatives of fullerenes like PCBM, and conjugated polymers like P3HT make promis-
ing acceptor/donor blend used in organic photovoltaics in terms of power conversion eﬃ-
ciency and stability. The well deﬁned and self-assembled spinodal clustering morphology
observed with the present PS-C60 thin ﬁlm mixtures could potentially be evaluated as
an alternative route to eﬃcient organic photovoltaics morphologies. Besides, the ability
of fullerenes to suppress dewetting in thin ﬁlms, oﬀer attractive routes to mechanical
reinforced coatings.
In addition, we can take advantage of the amplitude and lateral connectivity of the
spinodal clustering process to engineer superhydrophobic surfaces mimicking the natu-
rally occurring surface of an lotus leaf. Surfaces coated with these PNC ﬁlms are expected
to exhibit diﬀerent surface wettability and optical properties. Such surfaces could poten-
tially be useful as selective solvent-resistant, non-stick and self-cleaning coatings.
The photo-sensitivity of the PS-C60 thin ﬁlms also facilitates (a) lithographic process-
ability of the ﬁlm; (b) further tuneability of the ﬁlm structural features and (c) signif-
icant enhancement of the mechanical integrity and thermal stability of the ultra-thin
PNC ﬁlms. With the capabilities above, our patterning approaches exploiting spinodal
clustering and thin ﬁlm dewetting described in Chapter 5, provide simple means for rapid
pattern assembly for example in the fabrication of polymer-based electronic circuit and
photovoltaic devices. An organic polymer-composite circuit pattern device had been
successfully prototyped thereby showing the feasibility of the approach. In addition, the
ﬁlm can also be used as dielectric coating materials for integrated circuits (IC) after its
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functional components are assembled. Due to the simplicity of our setup, the light driven
thin ﬁlm stabilisation phenomenon is anticipated to be adopted by various thin ﬁlm re-
lated industries as the new generation coating material with much improved thermal
stability and mechanical integrity.
At the time of writing this thesis, we became aware of a paper175 which reported
signiﬁcant improvements in the power conversion eﬃciency (1.46 % to 4.1 %) and stability
of an inverted organic solar cell made of 50-50 P3HT-PCBM with a post processing light
exposure step before testing. That particular study highlights the potential signiﬁcance
of our ﬁndings in Chapter 4, of light driven eﬀects in ﬁlm morphology and stability.
Light exposure can indeed be adopted as a cost-eﬀective and straightforward method to
producing organic photovoltaic devices with high eﬃciency and extended lifetime.
6.2. Future work
Structure formation: spinodal clustering in thin ﬁlms
In order to further exploit the spinodal clustering process and extend its applicability, we
would like to further control the resulting pattern and decrease the structural lengthscale
to technological interesting feature sizes. The lowest pattern periodicity λ∗ and cluster
size <r> obtained for the spinodal clustering process in PS-C60 system, varying diﬀerent
experimental parameters are of the order of 1 µm and hundreds of nm, respectively, which
are still far from the required 10-30 nm length scale in bulk heterojunctions morphology
in organic photovoltaics. Therefore, the micro-nanoscopic association process in the
homopolymer-nanoparticle system must be further tuned with other approaches.
Methodologies include optimisation of ﬁlm processing parameters such as a change in
processing solvent from toluene to 1,2-dichlorobenzene which has been shown to reduce
the ﬁlm structure features by many orders of magnitude compared to toluene. In addition,
the polymer-nanoparticle enthalpic interactions can be tuned via chemical functionali-
sation of the nanoparticles. Besides, preliminary studies demonstrate the generality of
the spinodal clustering phenomena with other polymer systems for example: acrylic and
other styrenic polymer families (see Appendix A). These generality studies can also be
extended to technological relevant systems such as conjugated polymer systems such as
P3HT, fullerene derivatives PCBM and nanoadditives of other geometry such as carbon
nanotubes, which exhibit lower percolation thresholds.
The nanoscale resolution electrical conductivity-morphology mapping of the PNC ﬁlms
can be characterised with state-of-the-art conductive AFM to allow direct correlation of
the morphology and conductivity characteristics at the same location. Thus providing
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an understanding of the interplay between morphology and performance.
Finally, in order to ascertain the mechanism behind the photo-sensitivity of the PS-
fullerene thin ﬁlms, mass spectroscopy can be used to elucidate the elemental composition
of the light illuminated ﬁlms to look for evidence of photo-oxidised fullerenes.
Polymer dynamics and (inter)diﬀusion
Numerous recent studies have focused on changes in the dynamics of polymer-nanoparticle
mixtures but most experimental results are largely contradictory, hence is rather incon-
clusive so far. The viscosity of highly entangled polystyrene blended with well dispersed
enthalpically matched PS nanoparticles27,81 or favourably interacting C60 nanoparticles
was reported to exhibit a decrease by a factor of 2 - 5.80 This observation is in stark
contrast with Stokes-Einstein predictions for the eﬀect ﬁllers and suggesting an apparent
plasticisation of the polymer centre of mass (CM) motions.
Other studies reported a minimum in polymer diﬀusion with increasing carbon nan-
otubes82,83 and C60 84 provided that the dimension of the tracer molecules (PSd) is larger
relative the the nanoﬁllers, in apparent contradiction to the viscosity reduction observa-
tions above. Besides, we have shown in Chapter 2 of this thesis with DSC and DS that
the overall PS chain CM motions and chain segmental dynamics of PS are slowed down
(i.e., Tg and τα both increases) in the presence of C60. In addition, we have recently
investigated the relaxation of concentration ﬂuctuations in a high Mw isotopic PSh/PSd
(50/50) mixture using SANS, both neat and in the presence of C60, up to loading of ∼1
- 2 wt %, close to the miscibility threshold. The critical point of the isotopic blend is
pushed to above Tg due to the utilisation of ultra-high Mw PSh and PSd matrix (PSh:
Mw ∼ 971 kg/mol, PDI ∼1.3; PSd: Mw ∼ 1000 kg/mol, PDI ∼1.5) and the equilibrium
isothermal data is modelled by the random phase approximation (RPA). A rapid tem-
perature jump between two equilibrium states provides a direct measure of the Onsager
relaxation coeﬃcient, which in turn can be related to an appropriate relaxation time,
in the corresponding q-range (including reptation). To our surprise, the relaxation of
concentration ﬂuctuations of PS is slowed down severely even at the lowest C60 loading
investigated- 0.1 wt %, and the relaxation becomes completely frozen at the initial
equilibrium state above 1 wt % C60 loading.176 The results of our work on PSh/PSd/C60
nanocomposite mixture appears to agree with the work of Clarke and co-workers8284
but are in apparent contradiction to the viscosity reduction observations by Mackay et
al.27,80,81 Using neutron reﬂectivity, we have recently look into the inﬂuence of nanopar-
ticles to polymer interdiﬀusion in PNCs bilayers177 which should yield complementary
and direct information to hopefully resolve the dynamics conundrum above.
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studied1
In order to establish the generality of the observed spinodal clustering process, the thin
ﬁlm studies were extended to other key polymer systems: (a) polymethyl methacrylate
(PMMA) (b) polyethyl methacrylate (PEMA) (c) polybutyl methacrylate (PBMA) and
(d) poly-4-methyl-styrene (P4MS). The chemical structures and details of the polymers
are shown in Figure A.1 and Table A.1.
The results are summarised in Figure A.2. Remarkably, despite PBMA having a Tg
value of 32◦C, PBMA-C60 thin ﬁlm still exhibits the same spinodal clustering morphology,
much like higher Tg polymer systems such as PS and PMMA. In addition, PBMA-5 wt
% C60 and PEMA- 5 wt % ﬁlms (h ∼107 nm) are shown to have a structure coarsening
exponent of α∼0.16 and 0.175, respectively at 160◦C. The values are very similar to
α∼0.17 for PS(270k)- 5 wt % of similar thickness (100 nm) but annealed at 180◦C. This
corroborates our earlier ﬁndings (see Figure 4.20h) that the coarsening scaling does not
depend on the annealing temperature (in this case, T - Tg is also diﬀerent between PS and
PBMA) but rather are only dictated by the ﬁlm conﬁning dimension, i.e., ﬁlm thickness
which sets the C60 diﬀusion geometry. The corresponding AFM images shown on the
right of Figure A.2 clearly show the spinodal-like arrangements of the C60 clusters.
1This generality study with other polymer matrices was carried out with 4th year undergraduate
students Sue Lynn Hui, Kwan Mun Yong, Janet Skitt and Julien Bitton, as part of their 4th year
research project component.
Figure A.1.: Chemical structures of (a) polymethyl methacrylate (PMMA) (b) polyethyl
methacrylate (PEMA) (c) polybutyl methacrylate (PBMA) and (d) poly-4-
methyl-styrene (P4MS).
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Polymer Mw(g/mol) Mw/Mn Tg (◦C) Source
P4MS 69000 2.2 106 Sigma-Aldrich
PMMA 117000 2.1 105 BDH Chemicals
PEMA 313000 2.4 63 Sigma-Aldrich
PBMA 263000 2.7 32 Polysciences
Table A.1.: The weight average molecular weight (Mw), polydispersity index (Mw/Mn),
glass transition temperature (Tg) of the polystyrene matrix used in the
present study. The left column denotes the abbreviations for each polymer:
P4MS: poly-4-methyl-styrene; PMMA: polymethyl methacrylate; PEMA:
polyethyl methacrylate; PBMA: polybuthyl methacrylate. The Mw and
Mw/Mn were measured using GPC. The Tg were measured by DSC at
10◦C/min, error bar ≈ 1◦C.
P4MS
P4MS+5%C60 annealed at 180˚C as a function of time (0-60min)
PBMA+5% C60 annealed as function of temperature (RT, 140, 160
°C) for 60 min
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Figure A.2.: Summary of results demonstrating the generality of spinodal clustering pro-
cess for other key polymer matrices, including styrenes and methacrylates.
The coarsening kinetics are shown for PEMA. Film thickness: P4MS-5 wt
%: 120 nm; PBMA-5 wt %: 107 nm; PEMA- 5 wt %: 107 nm; PMMA- 5 wt
%: 106 nm. Right: AFM images of the same PMMA, PBMA and PEMA
nanocomposite ﬁlms, all with 5 wt % fullerene loading. This summary ﬁgure
was compiled by Joao Cabral.
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B. Fullerene proﬁles in PNC thin ﬁlms
The fullerene depth proﬁle of as cast ﬁlms were obtained with NR. Upon annealing,
the undulating PNC ﬁlm interface due to the onset of spinodal clustering process make
NR measurements unfeasible and an AFM selective dissolution method was used. Here,
time-resolved specular NR was used to probe the surface excitations and topography
average amplitude of the spinodal clustering process under in-situ thermal annealing,
as shown in FigureB.1.1 The NR data were ﬁtted with a 2 layer model comprising a
PS-fullerene bulk layer and a SiOx layer, with the roughness of the ﬁlm-air interface
(σ1) the primary ﬁtting parameter. The results for various annealing temperatures are
shown in (b), all showing an asymptotic time dependence which also describes the AFM
amplitude data well.
The cartoons in Figure B.2 illustrate the fullerene depth proﬁles of PS-fullerene PNC
thin ﬁlms varying diﬀerent parameters, as obtained via NR and AFM. We ﬁrst consider
150 nm-thick PS(270k) PNC ﬁlms on wafer A with 1, 2 and 5 wt % loading, annealed
at various temperatures. The sample areas on the right were exposed to light, showing
diﬀerent segregation behaviour upon annealing at selected temperatures.
The obtained depth proﬁles are qualitatively similar to the concentration-temperature
morphology phase diagram of PS(270k)-C60 bulk PNCs (Figure 3.18). The threshold
temperature T ∗ for 5 wt % is estimated to be 155±5◦C in the bulk but decreases to
140±5◦C for in thin ﬁlm with h > 100 nm, due to interfacial eﬀects in thin ﬁlms. At 1
wt % loading (left panel), there are hints of the initially homogeneously distributed C60
starting to segregate to the substrate interface at T > 170◦C but no structural features
are observed due to the low fullerene number density. With lower Mw (2k), the T ∗ of
5 wt % PNC thin ﬁlm (h > 100 nm) is about 100◦C, a direct rescale of the Tgbulk of
PS(2k) (∼67◦C) and 270k (∼104◦C). The diﬀerence in T ∗ between bulk and thin ﬁlm is
expected to be larger in lower ﬁlm thickness regime where Tg starts to deviate from the
corresponding bulk value.
The top panel of Figure B.2 shows the fullerene concentration proﬁles of 35 nm-thick
1This in-situ neutron reﬂectivity experiment was carried out together with Rajeev Dattani, PhD student
in the group and Dr. Anthony Higgins from Swansea University.
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Figure B.1.: (a) Time-resolved specular NR scans of a 150 nm PS(270k)-5 wt % PNC ﬁlm
(wafer A) annealed in-situ at 170◦C, probing the surface excitations and to-
pography average amplitude. The results for various annealing temperatures
are shown in (b).
PS(2k) PNC ﬁlms on wafer Bsw with 1, 2 and 5 wt % loadings, annealed at 180◦C.
With lower ﬁlm thickness, matrix Mw and substrate surface energy, thin ﬁlms dewet
as expected before the initially dispersed fullerenes in the bulk layer can diﬀuse to
the substrate interface to prevent it from happening, despite the calculated diﬀusion
coeﬃcient of C60 in PS(2k) at 180◦C being about six orders of magnitude larger than
that of PS(270k). In this case, ﬁlm dewetting can be suppressed or completely eliminated
with UV-visible light exposure prior annealing, depending on the amount of fullerenes in
the PNC ﬁlms.
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Figure B.2.: Cartoons illustrating the fullerene depth proﬁles of PS-fullerene PNC thin
ﬁlms varying diﬀerent parameters, as obtained via NR and AFM.
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2 kg/mol; (c),(d) 150 nm, 270 kg/mol. Inset in (d) shows fast Fourier
transformation (FFT) of the spinodal clustering morphology. Scale bars:
(a),(b) 500 µm, (c),(d) 50 µm. The width of the FFT in inset of (d) is 5.4
µm−1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
4.9. Atomic force microscopy (AFM) scan (height × width) (42.8 µm × 50 µm)
of an annealed (180◦C, 30 min) PS(270k)-5 wt % C60 loading showing the
3D topography and cross section of the spinodal clustering pattern. The
darker area is the substrate. . . . . . . . . . . . . . . . . . . . . . . . . . 112
4.10. Optical microscopy images of PS(270k) thin ﬁlms (h = 150 nm) with vari-
ous C60 loading, annealed isothermally at 175◦C for selected time intervals.
A transition from stability to sparse nucleation is visible between 1 and 2
wt % loading, and then to spinodal clustering at 5 wt % C60. The inset
of panel (k) shows the 2 wt % surface pattern after 2 days. Neat PS ﬁlms
remain uniform and (meta)stable for approximately 10 h. Scale bars are
50 µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
4.11. Optical microscopy (OM) image analysis procedure to quantify the time
evolution of (a) the characteristic wavenumber (q∗) and (b) the number
density (Nd), average radius (<r>), and area fraction (Af ) of the clusters.
Fast Fourier transform (FFT) and radial average of binary ﬁltered OM
image yields a structural dominant wavenumber q∗ and thus dominant
wavelength λ∗ = 2pi/q∗. A ﬁlter of the bicontinuous envelope permits
the determination of cluster statistics via procedure (b). The procedure
is illustrated with a PS(270k)-5 wt % C60 150 nm thick ﬁlm annealed at
175◦C for 61 min. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
4.12. (a) Optical microscopy (OM) and (b) atomic force microscopy (AFM) im-
ages (both 100 µm × 100 µm) of PS(270K)-5 wt % C60 (h = 135 nm)
after annealing at 180◦C for 30 min. The width of the FFTs for both
the OM and AFM image depicted in the insets are both 6 µm−1. The
resulting identical dominant lengthscales (λ∗, q∗) indicates that thresh-
olding procedure for OM images does not induce artifacts in determining
the periodicity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
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4.13. Lateral coarsening morphologies of spinodal clustering of a representative
PS(270k)-5 wt % C60 thin ﬁlm (h = 150 nm) annealed at 175◦C. Insets
show the fast Fourier transforms (FFT) of the optical microscopy images
(via route a). Panel l is a higher magniﬁcation of panel k, depicting
the fullerene clusters and the surrounding spinodal-like morphology. The
width of the FFT insets is 10 µm−1. . . . . . . . . . . . . . . . . . . . . . 116
4.14. Time evolution of the structure factor of PS(270k)-5 wt % C60 thin ﬁlm
(h = 150 nm) annealed at 175◦C, obtained by FFT and radial average
of insets in Figure 4.13. The inset shows the time-dependence of the
dominant wavenumber which scales as q∗ ∝ t−1/4 for this ﬁlm thickness. . 117
4.15. Optical micrographs of PS(270k)-5 wt % C60 mixtures of various ﬁlm
thicknesses (a)(f), all annealed for 30 min at 180◦C. (g) Structure factors
obtained from radial average of FFT insets. . . . . . . . . . . . . . . . . . 118
4.16. (a) PS(270k)-5 wt % C60 mixtures: coarsening kinetics of dominant wavenum-
ber q∗ as a function of ﬁlm thickness h. The inset depicts pinning of
morphology after long annealing times (180◦C) for selected h = 155 nm
(b) Film thickness dependence of the initial dominant wavelength λ0 ≡
2pi/q(t0 = 3min); line is a linear ﬁt to h1, compatible with phase separat-
ing thin ﬁlms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
4.17. (a) AFM topography scans (20 µm × 20 µm) of PS(270k)-5 wt % C60 150
nm ﬁlm annealed at 175◦C for representative times. (b) Average height
undulations (<δh>) of the spinodal clustering surface topography, as a
function of annealing time. The solid blue ﬁt is based on an asymptotic
relation. The ﬁlled symbols correspond to the AFM scans on the left.
The red lines in (b), shown clearer in the inset denotes the exponential
amplitude growth of ﬁlm undergoing spinodal dewetting126 . . . . . . . . 120
4.18. AFM (5 µm × 5 µm) scans of a 150 nm-PS(270k)-5 wt % C60 after
being annealed at 180◦C for 60 min. (a) Height image of as annealed
sample before rinsing with tetrahydrofuran (THF); (b) Topography scan
of the C60 aggregates underneath after the PS phase was removed by THF
dissolution. In (c), the phase distribution of both PS and most of the
segregated C60 are depicted by the superposition of cross-sections at the
locations indicated at lines in (a) and (b). The methodology in obtaining
δh is also shown in (c). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
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4.19. Optical microscopy images showing the surface lateral morphologies of 150
nm PS(270k)-5 wt % ﬁlm after isothermally annealed at selected temper-
atures (a) 145◦C, (b) 155◦C, (c) 165◦C, and (d) 175◦C for 60 min. . . . . 122
4.20. Time dependence of the average radius <r>, cluster number density Nd,
cluster area fraction Af , and characteristic wavenumber q∗ for nanocom-
posite thin ﬁlms PS(270k)-5% C60 with h = 150 nm. The left column (a-d)
shows results for 175◦C annealing. I, II, III and IV denotes the nucleation,
percolation, saturation and coarsening regimes (see text). The correspond-
ing images for time points A to E are shown in Figure 4.13, parts b, c, f,
j, and k, respectively. The right column (e-h) summarises results for ﬁlms
annealed at various temperatures ranging from 145 to 185◦C. Red line de-
notes the onset time of nucleation regime before which the ﬁlm is uniform
and cluster-free. Green line shows the onset for percolation regime while
blue and purple lines indicate the start of cluster saturation and structure
coarsening. The inset of panel e shows the dependence of the cluster size
distribution with annealing temperature, at constant time 60 min. Solid
lines in panel g correspond to Avrami ﬁts. Note that a single exponent of
α ∼ 1/4 describes coarsening at all temperatures for constant thickness h
= 150 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
4.21. Geometrical consideration in the calculation of the volume fraction of the
clusters (Vf ). Dashed lines denote the PNC sample contour before annealing.125
4.22. WAXS spectra for 5 wt % PS(270k)-C60 bulk mixtures as a function of
annealing time at 180◦C. At 5 wt % C60 loading, the system is initially
dispersed but, upon annealing, develops C60 crystalline peaks that match
the WAXS spectrum of C60, indicating fullerene crystallisation upon ag-
glomeration. Similar evidence of C60 crystallinity is also observed in the
nanocomposite thin ﬁlm (insets: 180◦C and 60 min) with optical mi-
croscopy under brightﬁeld (left inset) and cross-polarised (right inset)
light. The WAXS data are shifted vertically for clarity. . . . . . . . . . . 127
4.23. Temperature dependence of the Avrami kinetic parameter K (s−1), de-
scribing fullerene association, overlaid onto the inverse viscosity η−1 of
the polystyrene matrix computed by the WLF relation (see text). The
inset depicts the Avrami exponent found to be n ≈ 2. . . . . . . . . . . . 128
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4.24. A Mw vs thickness spinodal clustering morphology diagram. Neat PS
ﬁlms of h ≈ 135 nm of diﬀerent Mw were annealed 180◦C for 30 min and
the resulting ﬁlm stability on as received substrates are shown in the top
panel. The remaining PS ﬁlms of various Mw and ﬁlm thickness, all of 5
wt % C60 loading were subjected to thermal annealing for 180◦C for 30
min before observed under optical microscopy in reﬂection mode. Scale
bar for the neat PS at the top panel and the PNC thin ﬁlms at the bottom
panel are 500 µm and 10 µm, respectively. . . . . . . . . . . . . . . . . . . 130
4.25. Reﬂectivity proﬁles of as-cast neat PS ﬁlms casted on diﬀerent types of as
received silicon substrates. (a) 104-nm-PS(2k) on type A* substrate; (b)
130-nm-PS(270k) on type A substrate. Red solid lines are best ﬁts to the
data based on 2 layer model (see text). All ﬁtting parameters for the data
are compiled in Table 4.3. . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
4.26. Reﬂectivity proﬁles of as-cast (a) 95-nm-PS(2k)-5 wt % C60 (b) 110-nm-
PS(270k)-5 wt % C60 (c) 23-nm-PS(2k)- 5 wt % C60 and (d) 22-nm-
PS(270k)-5 wt % C60. All ﬁlms were casted on as-received silicon wafers
with thin (1-2 nm) native oxide layer, ﬂushed with toluene and dried with
nitrogen before use (substrate type A). Red solid lines are best ﬁts to the
data based on models explained in text. The lateral morphology of the
PNCs ﬁlms subjected to subsequent thermal annealing (180◦C, 30 min)
are shown in theMw-thickness morphology diagram (see Figure 4.24). All
ﬁtting parameters for the data are compiled in Table 4.3. . . . . . . . . . . 133
4.27. Optical microscopy images showing that spinodal clustering lateral mor-
phologies were reproduced with piranha-cleaned silicon substrates (sub-
strate type B) thus ruling out possible surface energy eﬀects. (a) 125-nm-
PS(2k)-5 wt % C60 and (b) 157-nm-PS(270k)-5 wt % C60 after annealing
for 180◦C, 30 min. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
4.28. Reﬂectivity proﬁles of freshly casted (a) 100-nm-PS(2k)-5 wt % C60 (b)
121-nm-PS(270k)-5 wt % C60 (c) 22-nm-PS(2k)-5 wt % C60 and (d) 22-
nm-PS(270k)-5 wt % C60. All ﬁlms were cast on piranha-cleaned silicon
substrates (type B). (See text for substrate cleaning details). Red solid
lines are best ﬁts to the data based on models explained in text. All ﬁtting
parameters for the data are compiled in Table 4.3. . . . . . . . . . . . . . 136
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4.29. Simulated reﬂectivity proﬁles (Parratt32, version 1.6) from the 2 layer
model, varying scattering length density of layer 1 (ρb1) at a constant ﬁlm
thickness h of (a) 161 nm and (c) 129 nm. Our corresponding reﬂectivity
data and ﬁts for as cast ﬁlms are shown in (b) and (d) respectively for h ≈
161 nm and h ≈ 129 nm, showing good agreement with the simulations.
See legends for the details of each data and ﬁts. All samples were spun
cast on piranha cleaned silicon wafers B. All ﬁtting parameters for the
data are compiled in Table 4.3. . . . . . . . . . . . . . . . . . . . . . . . . 137
4.30. (a) Reﬂectivity and (b) scattering length density proﬁles of PS(2k)-5 wt %
C60 (wafer B) before (black) and after (red) moderate thermal annealing
at 100◦C for 1 h. Black and red solid lines are ﬁts to the data respectively
for as cast and annealed ﬁlms. The as cast sample is the same sample
as illustrated in Figure 4.28a. (c) Parameters used in Parratt32 ﬁtting
software to ﬁt the data of the sample before and after moderate annealing. 141
4.31. Diagram illustrating the eﬀect of light exposure on the ﬁlm (145nm-PS(270k)-
5 wt %) morphology upon subsequent thermal annealing. . . . . . . . . . 144
4.32. Light induced changes to annealed ﬁlm lateral morphology. Left panel
(a-h): optical microscopy images of annealed ﬁlm PS(2k)-5 wt % ﬁlm
morphologies of diﬀerent thicknesses without (a, c, e, g) and with light
exposure (b, d, f, h) prior annealing. Right panel (i-p): annealed ﬁlm
morphology of PS(270k)-5 wt % ﬁlms of various thicknesses without (i, k,
m, o) and with light exposure (j, l, n, p) prior annealing. Dark samples
(a, e, g, i, k, m, o) shown here are the same samples shown in in the Mw-
thickness morphology map in Figure 4.24. Sample illumination was carried
out on the same (cut) sample with visible white light (1.34 mW/cm2, 6 h).
All samples were cast on as received substrates (wafer A) and annealed at
180◦C for 30 min in a dark room. . . . . . . . . . . . . . . . . . . . . . . . 145
4.33. Eﬀect of light exposure on C60 depth proﬁle in freshly casted ﬁlms on
diﬀerent types of substrates. Specular reﬂectivity proﬁles 22 nm-PS(2k)-5
wt % C60 ﬁlms casted on (a) as received silicon wafer A and (b) piranha-
cleaned Si wafer (substrate B). Black proﬁles denote data for as-cast ﬁlms
while red points represent reﬂectivity proﬁles for ﬁlms exposed to visible
white light source (1.34 mW/cm2, 6 h). The diﬀerence between the spectra
before and after light exposure is shown below the respective reﬂectivity
data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
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4.34. Eﬀect of light exposure on C60 depth proﬁle in freshly-cast ﬁlms of diﬀerent
Mw. Specular reﬂectivity proﬁles (a) 95 nm-PS(2k)-5 wt % C60; (b) 110
nm-PS(270k)-5% C60 (both as received wafer A). Black proﬁles denotes
reﬂectivity data for as-cast ﬁlms while red points represent reﬂectivity
proﬁles for ﬁlms exposed to visible white light source (1.34 mW/cm2, 6 h).
The diﬀerence between the spectra before and after light exposure is shown
below the respective reﬂectivity data. See Figure 4.32 for corresponding
annealed morphologies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
4.35. Left panel: Schematics depicting the methodology of (iii) selective solvent
(THF) dissolution of PNCs ﬁlm and (iv) subsequent AFM measurement.
The cartoon illustrates the fullerene depth proﬁle of both (i) as cast and
(ii) annealed PS(270k) - 5 wt % C60 ﬁlms for both dark and light.
Right panel: AFM images show the remaining fullerene C60 bottom layer
after the removal of PS top phase with THF: (a) dark as cast; (b) light
as cast; (c) dark annealed and (d) light annealed (180◦C, 1 h). OM
images of the ﬁlm/air interface taken before THF dissolution are depicted
in (e) and (f) for dark and light annealed samples respectively. Note
the scale diﬀerence between the AFM (5 µm × 5 µm) and OM images
(77 µm (height)× 79 µm (width)). These ﬁlms were spun casted on as
received wafer A. Sample light exposure were done on the nanocomposite
samples with visible white light (1.34 mW/cm2, 6h). Similar fullerene
substrate distributions (as cast and after annealing) are also observed for
piranha cleaned wafers and ﬁlms of lowerMw (2 kg/mol) at 5 wt % loading.
Schematics on the left are not drawn to scale. . . . . . . . . . . . . . . . 148
4.36. Eﬀect of increasing visible white light exposure (irradiance 1.34 mW/cm2)
on the subsequent annealed ﬁlm morphology (180◦C, 30 min). Top row:
PS(2k)-5 wt % C60 (h = 95 nm); Bottom row: PS(270k)-5 wt % C60 (h =
110 nm). Scale bar for all: 20 µm. The ﬁlms were annealed immediately
after light exposure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
4.37. Coarsening kinetics of dominant wave number q∗ of thermally annealed
(180◦C) 44 nm and 145 nm dark and light PS(270k)-5 wt % C60 PNC
thin ﬁlms. Crucially, visible light exposure (irradiance 1.34 mW/cm2, 6h)
does not alter the coarsening kinetics apart from a shift in lengthscales
and plateau value of the morphology at long annealing times. Refer to
Figure 4.32 for corresponding annealed morphologies. . . . . . . . . . . . 152
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4.38. Eﬀect of substrate treatment. Polystyrene ﬁlms (2 kg/mol) with 5 wt %
C60; h ≈ 35±1 nm ﬁlm on wafer A, Bsw, C with decreasing substrate
energies (see text for details of each substrate treatment). The magniﬁed
view of the small inset images (labelled * and #), are depicted in Figure
4.32g and h in the same scale. Light exposure on samples on substrate A
was carried out on two identical cut sample with visible white light (1.34
mW/cm2, 6 h) while samples on wafer Bsw and C were exposed to UV
light (λ = 365 nm, 0.2 mW/cm2, 6 h) based on the setup depicted in
Figure 4.39 below. All samples were annealed at 180◦C for 30 min and
the resulting ﬁlm morphologies were captured using optical microscopy in
reﬂection mode. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
4.39. Light driven ultra-thin-ﬁlm stabilisation. A schematic model describing
the sample light exposure setup. LowMw (2 kg/mol) neat polystyrene and
nanocomposites ﬁlms (h = 35±3 nm) on intermediate substrates (Bsw)
were exposed to UV light (λ = 365 nm, 0.2 mW/cm2, 3 h) before being
annealed at 100◦C, 140◦C and 180◦C for a 30 min interval each. Apart
from the neat polystyrene ﬁlm which dewets on both sides regardless of
light exposure, ﬁlm stability is gradually improved with increasing C60
loading, and dramatically on the illuminated side. . . . . . . . . . . . . . . 161
4.40. Temperature-concentration ﬁlm stability phase diagram for substrates with
increasing hydrophobicity (left to right). Substrate A stands for as received
silicon wafers; substrate Bsw represents piranha treated silicon wafers,
rinsed with stored water and substrate C denotes silicon substrate that
was contaminated with airborne substances and dusts. All ﬁlm thick-
nesses are approximately 35 ± 3 nm. Films were exposed to UV (λ = 365
nm, 0.2 mW/cm2, 3 h) before being annealed at temperature indicated in
the graph for a 30 min interval each. . . . . . . . . . . . . . . . . . . . . 162
4.41. Film stability of 20-nm-PS(2k) ﬁlms containing various C60 loadings after
thermal annealing at 180◦C for 30 min, showing that the light driven
dewetting suppression eﬀect relies on the amount of fullerenes in the ﬁlm.
Film light irradiation were done with an UV light source (λ = 365 nm,
intensity 0.2 mW/cm2, 6 h) prior annealing. Arrows indicate dewetting
holes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
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4.42. Glass transition temperature of supported PS ﬁlms on native oxide silicon
as a function of ﬁlm thickness, Mw ≈ 270kg/mol (solid squares) and 2
kg/mol (open circles) Inset: same data normalised by the corresponding
bulk Tg of the polymer, Tg0. Tg data were obtained from ref [162] and ref
[35]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
5.1. Photomasks used for the photo-patterning applications. Insets of (a-c)
depicts the 3D representation of the optical microscopy images. The lighter
regions are transparent. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
5.2. Schematic representation of the self assembly photo-patterning process.
A high resolution printed photomask is placed on top of an unannealed
nanocomposite thin ﬁlm, UV-visible light exposure photo-transform the
chemical properties of the fullerenes. Subsequent thermal annealing directs
the surface instabilities: the structure connectivity (spinodal clustering)
and/or ﬁlm stability (thin ﬁlm dewetting) of selected ﬁlm area to replicate
the photomask pattern onto the ﬁlm. . . . . . . . . . . . . . . . . . . . . . 173
5.3. Patterned structures: (a) Optical micrographs of a T-junction channel
patterned on a 110-nm-PS(270k)-5 wt % C60 (wafer A). Magniﬁed images
show the ﬁlm lateral morphology and structure connectivity at speciﬁc
regions of the pattern with and without illumination. Insets show the fast
Fourier transforms (FFT) of the respective lateral morphologies. (b) pat-
terning on PS(2k)-5 wt % C60, h = 125 nm and 35 nm (wafer Bsw), (c) and
(d) patterning with dewetting on 35 nm-PS(2k)-5 wt % C60 (wafer Bsw),
(e) patterning with same sample type and conditions as in (a), yielding
a circuit prototype device. Vertical topography of the pattern can be
viewed from the 3D representation of optical microscopy images (middle)
and optical proﬁlometry scans, obtained in Phase Shifting Interferometry
(PSI) mode (right bottom). Samples in (a) and (e) were exposed with UV
light (0.2 mW/cm2, 6 h) while samples in (b-d) were exposed with visible
white light (1.34 mW/cm2, 6 h). All patterns were immediately excited
by annealing at 180◦C for 30 min. . . . . . . . . . . . . . . . . . . . . . . 175
5.4. Dewetting photo-patterning diﬃculty shown with a 35-nm-PS(2k)-1 wt %
C60 ﬁlm on as received wafer A. Light exposure step 0.2 mW/cm2 for (a)
3 h and (b) 12.5 h, followed by annealing at T = 140◦C. . . . . . . . . . . 177
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5.5. Top: the resulting pattern replicated from photomask d onto a 150 nm-
PS(2k)-5 wt% C60 ﬁlm (wafer A) following UV light exposure (0.5 mW/cm2,
6h) and subsequent thermal annealing at 180◦C for 30 min. Bottom (i-iii):
magniﬁed images of the top image, (i): unpatterned/ unconﬁned region;
50 µm non-illuminated strips conﬁned between (ii) 10 micron and (iii) 60
micron illuminated strips, showing the eﬀect of lateral conﬁnement to the
characteristic lengthscales (Nd, λ∗ and <r>) and arrangement of clusters
at the non-illuminated (labelled dark) pattern area. (iv) demonstration of
the slower propagation of an initially present ﬁlm defect (scratch) during
annealing at the illuminated ﬁlm region compared to the non-illuminated
region. Scale bar for i-iv: 50 µm. . . . . . . . . . . . . . . . . . . . . . . . 179
5.6. (a) Unpatterned 95-nm-PS(2k)-5 wt% C60 ﬁlm (substrate A) (b-e) Various
pattern features obtained from the same ﬁlm. (d) and (e) are magniﬁca-
tions of (b) and (c), respectively. Note the decrease in λ∗ and <r> and
increase in Nd of the clusters within the non-illuminated area (labelled
dark) of the pattern. Patterning conditions: UV light (0.2 mW/cm2, 6h);
180◦C for 30 min. Scale bar for all: 50 µm. . . . . . . . . . . . . . . . . . 180
A.1. Chemical structures of (a) polymethyl methacrylate (PMMA) (b) polyethyl
methacrylate (PEMA) (c) polybutyl methacrylate (PBMA) and (d) poly-
4-methyl-styrene (P4MS). . . . . . . . . . . . . . . . . . . . . . . . . . . . 190
A.2. Summary of results demonstrating the generality of spinodal clustering
process for other key polymer matrices, including styrenes and methacry-
lates. The coarsening kinetics are shown for PEMA. Film thickness:
P4MS-5 wt %: 120 nm; PBMA-5 wt %: 107 nm; PEMA- 5 wt %: 107
nm; PMMA- 5 wt %: 106 nm. Right: AFM images of the same PMMA,
PBMA and PEMA nanocomposite ﬁlms, all with 5 wt % fullerene loading.
This summary ﬁgure was compiled by Joao Cabral. . . . . . . . . . . . . . 191
B.1. (a) Time-resolved specular NR scans of a 150 nm PS(270k)-5 wt % PNC
ﬁlm (wafer A) annealed in-situ at 170◦C, probing the surface excitations
and topography average amplitude. The results for various annealing tem-
peratures are shown in (b). . . . . . . . . . . . . . . . . . . . . . . . . . . 193
B.2. Cartoons illustrating the fullerene depth proﬁles of PS-fullerene PNC thin
ﬁlms varying diﬀerent parameters, as obtained via NR and AFM. . . . . . 194
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